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Abstract
The fundamental limitation of the conversion efficiency achievable with solar
energy solutions (which includes photovoltaic and photothermal technology), requires the
adaptation and integration of a series of innovative material strategies to continue the
process of sustainably decarbonizing the global economy. Through the passive
integration of additional nanoscale features which exploit and modify the solar spectrum
through its interactions with luminescent molecules, metal nanoparticles, and/or thin-film
optical coatings – the solar spectrum can be modulated and accordingly the collection
efficiency of each respective technology enhanced. However, irrespective of the type of
spectral conversion integrated into the technology (luminescent down-shifting,
nanofluids, plasmonic luminescent down-shifting, or spectral beam splitting), a series of
additional loss mechanisms are introduced as a result of the architectural modifications.
Through a proposed series of innovative & iterative advancements in each one of these
material strategies, the objective of alleviating the additional loss mechanisms through a
suitable combination of the individual approaches could potentially be realised.
In this investigation, a novel series of 27 imidazole[4,5-f][1,10]phenanthroline
derivatives were characterised and evaluated for their role in solar energy conversion
applications. From this library of fluorescent materials, a selected few of the highest
performing candidates were integrated into luminescent down-shifting photovoltaic
devices, and spectral beam splitting photovoltaic-thermal collection systems. The
presence of these molecular species in either type of collection device resulted in
significant enhancements in the standalone collection efficiency, the optical collection
efficiency, the thermal performance, the economic value of the energy captured, as well
as the capability to modulate the thermal and electrical outputs of a combined heat and
power system. The thermal performance of these phenanthroline derivatives in static
stagnation tests also revealed their cross-application potential for photothermal collection
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applications. In this same static scenario, the implementation of a silver based nanofluid
containing a diverse set of individual particle morphologies and particle size-distributions
was shown to enhance the photothermal collection efficiency of a standardized thermal
collection device. Finally, a hypothetical architecture which builds upon the luminescent
down-shifting (LDS) and plasmonic luminescent down-shifting (PLDS) approaches to
light management in photovoltaic devices was designed and analysed using a transfer
matrix model. The results of the simulations have shown how the collection efficiency of
a traditional LDS and PLDS device is predicted to be enhanced by the incorporation of
spectrally selective thin-film optical coatings. Overall, the results have shown the
potential of a series of alternative material strategies to increase the conversion efficiency
of a range of standalone solar energy solutions including photovoltaic, photothermal, and
combined photovoltaic-thermal collection devices.
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Chapter 1
Solar Energy Technologies
1.1

Introduction
This chapter will serve as an introduction through the overarching application of

solar energy and its many technical and economic challenges, as well as the material
strategies aimed at circumventing these limitations. Delving into the fundamental
constraints imposed on photovoltaic and photothermal conversion technology through the
selection of the raw materials employed in the construction of solar collection systems
demonstrates the need for identifying alterative hybrid materials which possess enhanced
optical and thermal characteristics. Through highlighting the primary material strategies
which have been appointed to assist in enhancing the energetic and economic merit of
solar collection devices, the inherent physical limitations of the approaches become even
more evident. Building upon these concepts the possibility of leveraging a completely
organic/organometallic synthetic strategy - from which an expansive series of unique
molecular frameworks can be derived, for enhancing the conversion processes within
photovoltaic and photothermal collectors is presented. The fundamental molecular
building block behind this strategic approach 1,10-phenanthroline, is additionally
discussed in terms of its electronic band structure and what functionalisation strategies
have previously been exploited to augment and heighten its luminescence. The expensive
series of topics covered in this chapter will ultimately serve to contextualise the
significance and overall merit of the results presented in later chapters.
1.2

The Renewable Revolution
As the global economy continues to grow in terms of its technological prowess

and economic development, the increase in the energy consumption requirements must
be accommodated by an ever-evolving electrical grid [1-5]. For example, in 2017 the
cumulative worldwide energy consumption reached nearly 600 terawatts, and it is
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expected that it will increase substantially (23% - 64%) by 2040 under the different
environmental and climate scenarios envisioned [1]. In its current fragile, aging and
outdated configuration, the electrical grid is becoming radically overhauled in an attempt
to transition away from its heavy reliance on fossil fuels to meet the increased demand
for ‘clean’ electricity [1, 6-9]. Once passive, the role played by the electrical grid as a
singular isolated network of power distribution is being steadily redesigned to handle the
implementation of more variable forms of energy production, specifically renewable
sources [1, 6-9].

Renewable energy sources provide a ‘cleaner’ alternative to

conventional fossil fuel-based approaches, through deriving energy from naturally
occurring resources (solar, wind, wave and geothermal) that are continuously regenerated
over short timescales. Transitioning to a grid where renewable energy is used to meet a
larger percentage of the global energy demand would increase our chances of a more
environmentally sustainable and energy-secure global economy in the future [1, 3, 5, 8,
9].
This inexorable need to alter and diversify the world’s current grid configuration
is one of the greatest challenges facing the global economy in the coming years [5]. The
ramifications of anthropogenic climate change on global economic development and
globalisation are increasingly being recognised at a governmental, commercial, and
industrial level [3, 5, 9, 10]. For example, large scale economies such as Germany (40%),
the United Kingdom (33%), and Spain (40%) are already starting to become increasingly
powered by renewable energy in 2018 [10]. In the same year more than 130 leading
corporations including Google, Microsoft, Ikea, General Motors, and J.P Morgan had
joined the renewable energy 100 (RE100) initiative, promising to commit to being 100%
powered by renewable energy [11, 12]. Even at a corporate level, more and more
companies are looking to disengage from fossil fuel backed financial assets and
investments, with ENGIE (a French utility company) selling off fossil fuel based assets
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worth $15 billion during the 2016 to 2017 period [12]. The same company was promoting
the research and development of renewable energy technologies through reinvesting a
further €22 billion by the end of 2018 [12]. When combined with the fact that renewable
technologies had accounted for ~70% of the net-additions to the global power generation
capacity in 2018, it is clear that the transition towards a more sustainable means of energy
generation and overall energy efficiency is well underway [7, 9, 10, 12].
However, for a complete “green” transition to be fully realised, some of the
underlying limitations inherent in these renewable technologies must be addressed before
they can truly become cost competitive sources of energy production. This delay of
technological advancement in the development of highly energy-efficient renewable
based technologies has resulted in a drawback of the capital investments allocated
towards low-carbon alternatives such as solar energy (photovoltaic, photothermal)
technologies in 2018 [3]. Crucially, the additional capital investments, required to
rearrange the energy sector in-line with the legislative changes adopted to make
renewable energy an international priority (Paris agreement, Kyoto protocol, etc.), are
40% lower than the projections under the different scenarios envisioned [3, 10]. This is
despite the falling costs associated with the manufacture of these technologies [3, 7, 9,
10, 12]. It is clear that, in order to sustain the continued growth, development, and market
penetration of renewable energy sources, their capability to capture and convert energy
must be increased substantially if they are to become the prevailing energy solution [3, 7,
9, 10, 12].
1.3

Photovoltaics
Photovoltaics (PV’s) is the renewable sector which has received the greatest

interest, investment and uptake throughout the last two decades [3, 6, 7, 9, 10]. This is
due to the significant reduction in the costs associated with manufacturing technology,
its modularity and adaptability for integration into sustainable architectures, as well as its
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energy harvesting potential [3, 10, 13, 14]. The year 2018 was the 8th consecutive year in
a row for which photovoltaics captured the largest share of the capital flow allocated
towards low-carbon technologies, securing ~60% of all funding initiatives issued [15].
Within the same year, the newly installed photovoltaic capacity had increased almost 32%
(figure 1.1 a), with the annual growth reported compounding on the fact that between
2008 and 2015 the average price of a photovoltaic module had deceased by more than
80% (figure 1.1 c) [3, 10, 15]. This substantial reduction in cost has been primarily driven
by major advancements in materials research and by the progress made in developing the
streamlining manufacturing technology [8, 9, 16]. The latter can be exemplified by the
well documented correlation between the cumulative installed photovoltaic capacity and
the reduction exhibited in the price of an individual PV module (figure 1.1c). As the
fabrication process becomes further refined, the costs associated with manufacturing the
technology is reduced with the average module price falling by 20% for every doubling
of the production volume [15-18]. Even in the commercial sector, where PV efficiencies
can be moderately lower than those reported within a research environment, the
contribution of the module cost towards the overall PV system price (monitoring
electronics, inverter, etc.) had been decreased from 71% to 45% of the total cost from
2006 to 2018 (figure 1.1 d) [15, 16]. Nevertheless, despite the technology’s rapid
deployment and the reduction in manufacturing costs, the gradual increases in the
conversion efficiencies achieved remains a fundamental limitation of the PV technology
[19-22]. This can be observed in the plateauing of the PV modular pricing since as early
as 2014 (see figure 1.1 d) [16]. The ramifications of this limitation have heavily
influenced the rates of market penetration for the technology (figure 1.1 b), especially
within the European region where the rate of PV implementation peaked as early as 2008
(figure 1.1 b). In order to better understand the core of the problem, the following sections
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of this chapter delve into the operation of photovoltaic devices, the different types of
architecture available, and the inherent limitations underpinning them.
1.3.1

Photovoltaic Architectures & Their Economics
All photovoltaic (PV) devices are based upon the physical phenomenon in which

electromagnetic radiation is directly converted into usable electricity via the photoelectric
effect [23]. The material properties of the semiconducting material (such as its crystal
structure, the presence of lattice defects, and/or the level of impurities introduced) heavily
influence the devices capability to capture and convert a specific spectral range from
within the solar spectrum [22, 24, 25]. The current PV market consists of a diverse range
of different technologies, each of which is built upon a particular material, whose
architecture continues to undergo modifications as the understanding of the internal loss
mechanisms associated with each material intensifies [26]. Depending upon the material
utilized and its level of commercial maturity, the different classes of PV technology are
grouped into three distinct generations (1st – silicon based, 2nd – thin film technologies,
and 3rd – emerging technologies) as shown in figure 1.1 e [24-26].
1.3.1.1 1st Generation Technology
The 1st generation technology is the oldest and most commercially developed
form of PV technology available today, with these types of devices still accounting for
95% of all of the PV panels produced in 2018 [16]. Their structure and the resulting loss
mechanisms have been thoroughly explored and addressed through improvements made
in the device configuration at the manufacturing stage [23, 24, 26]. Their architecture
consists of a single-junction built upon different allotropes of silicon, including
monocrystalline (mc-Si) and polycrystalline (pc-Si) forms [26]. The conversion
efficiency achieved with commercial modules, based upon the mc-Si and pc-Si cells,
stands at ~16 % – 24 % and ~ 12 % – 20 %, respectively [27-29]. In the laboratory testing
environment, efficiencies as high as 27% for mc-Si and 23% for pc-Si cells have been
5

realized – see figure 1.1 e [27, 29, 30]. Although this generation of materials has endured
a long period of technological success, the need to increase the efficiencies achievable
and further enhance the market competitiveness of photovoltaics has forced the industry
to consider alterative material solutions [3, 16, 24].
1.3.1.2 2nd Generation Technology
The driving force behind the development of the 2nd generation (thin-film) PV
technologies was the integral need to drive down the fabrication costs involved in the
production of high quality, low defect materials, imposed by 1st generation designs [24,
26]. Interleaving alternating layers of semiconducting material such as cadmium telluride
(CdTe), copper gallium indium selenide (CIGS) or amorphous silicon (a-Si) onto
relatively inexpensive substrates (glass, metal or polymer-based) has delivered singlejunction devices whose designs are economically viable [15, 16, 26]. Efficiencies
achieved with the technology range from 5% - 10% (a-Si) [32], 16% - 22% (CdTe) [27],
and 18% - 23% (CIGS) [27, 33] in commercially available large-scale modules, with
higher efficiencies reported with smaller scale lab modules (see figure 1.1 e – green). The
impact of these devices in the market has been small; just 5% of global PV power
production being derived from 2nd generation thin-film technologies in 2017 [16]. The
lack of market penetration is due to the fact that for new and emerging technologies to
enter the market the prices must be comparable to the existing market prices that have
been established by the longstanding silicon-based technologies [15, 16]. Ample
opportunity remains to promote the continued reduction in the materials consumed and
the associated costs experienced throughout the manufacture of photovoltaics. This could
be obtained, for example, through further refinements in thin-film solar cell architecture
(figure 1.2).
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Figure 1.1: (a) The cumulative installed PV capacity and its regional breakdown from 2010 – 2017 [16].
(b) The percentage (%) of total power production (MW p) derived from photovoltaics 1997 – 2017 and its
regional breakdown [16]. (c) solar PV module price (€/ kWp) as a function of the cumulative installed
photovoltaic capacity (GWp) 1980 – 2018 [16]. (d) Average price (€ / kWp) for commercial PV rooftop
systems in a European Union context, 2006 – 2018, and the distinction between the system costs
(monitoring electronics, inverters, installation, etc. – shown in navy) and the modules cost (shown in
orange) [16]. (e) Advancements in the conversion efficiency of PV cells based on various technologies and
different materials from 1975 to 2019 [31].
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1.3.1.3 3rd Generation Technology
As thin-film technologies continue to drive down the cost of the active material
within PV devices, they will ultimately encounter a physical limit, whereby the amount
of semiconducting material cannot be reduced any further within the confines of a singlejunction design [22, 23, 34]. 3rd generation technologies were designed on the premise of
capitalising on the merits of each prior iteration of the technology. Using a diverse
combination of highly efficient materials in conjunction with low-cost substrates, energy
intensive techniques are developed to deliver conversion efficiencies beyond even the
theoretical limit of single-junction systems performance [23-25]. Thus, advanced energy
and time intensive strategies such as the creation of multiple junctions [24, 25, 35], hotcarrier extraction [36, 37], intermediate bandgap formation [24, 25, 38], as well as
modulation of the incoming solar spectrum [24, 39, 40] have been developed and
deployed to help promote the energy harvesting potential of photovoltaic technology [21,
22].
The most eloquent of which seems to be the inclusion of different semiconducting
materials, each possessing its own distinct bandgap energy and, thereby, allowing the
cascading series of single junctions (sub-cells) to capture and convert energy across a
much larger bandwidth of frequencies [41, 42]. For example, the typical spectral response
ranges of 1st and 2nd generation technologies extend anywhere from 200 nm – 1200 nm
[43, 44], while 3rd generation technologies expand this collection and conversion range
to 200 nm – 2500 nm or larger [41, 42]. Utilizing a multijunction architecture consisting
of GaInP/GaAs/GaInAs/GaInAs sub-cells, conversion efficiencies of 46% have been
realised under a heavily concentrated irradiance of ~600 suns [27]. However, under the
normal irradiance conditions (1000 Wm-2 or 1 suns-equivalent) outlined in the ASTMG173-03 standard [45, 46] this efficiency diminishes to 33% [27]. Still, the non-modular
nature of the technology, and its typical requirement of a concentrated solar flux in
8

combination with high precision manufacturing techniques has resulted in a lack of
commercial application to date [24-26, 36]. The underlying strategy here is to drastically
drive down the energy production costs, often expressed in terms of $/watt, through
significantly increasing the devices conversion efficiency. Figure 1.2 demonstrates the
projected cost savings attainable with each generation of PV technology as a function of
their existing and theoretically attainable conversion efficiencies [24].
Another promising avenue of exploration is represented by synthetic polymerbased solar cells. In these cells the internal electronic transport processes integral to PV
devices are replicated using specifically designed molecular species, which drive the
semiconducting push-pull dynamics within an organic or organometallic framework [24,
47, 48]. They represent some of the most promising forms of PV technology due to the
flexibility of their design and their capability to be integrated into modern, aesthetic and
sustainable architectural features [49]. These characteristics coupled with their
functionality under extremely low intensity lighting conditions, like those encountered in
indoor environments or the diffuse lighting situations frequently experienced throughout
the temperate climate zones, makes them highly versatile [23, 24, 26]. In addition, there
are low-cost, facile, and chemically flexible synthesis routes from which the structures
derive, making them the potential pinnacle of PV development [23, 24, 26]. This category
of devices includes dye synthesized solar cells (DSSC’s) [50], purely organic based solar
cells [47], as well as the renowned perovskite solar cells [48]. The maximum efficiency
achievable with each so far has been 12 % [51], 12 % [52] and 23 % [53], respectively
(see figure 1.1 e). Unfortunately, in their current form, they suffer from instabilities
(photodegradation of active molecules, ion migration in the bulk material, and the
vulnerability of the material(s) to heat and moisture) arising in their electrical
performance over their relatively short (<500 hours) operational lifetime [24, 26].
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Figure 1.2: Inter-comparison between the conversion efficiency η (%) and projected costing (US $ m-2) for
1st generation (I), 2nd generation (II) and 3rd generation (III) photovoltaic technologies including the highest
reported conversion efficiency in 2018 as well as the fundamental thermodynamic limit of the conversion
process. [25]

1.4

Conversion Efficiency, Loss mechanisms and its fundamental limit
The conversion efficiency (η) represents the most realistic indicator used

throughout the evaluation and differentiation of PV performance. This can be defined as
the ratio of electrical-output to energy-input for a given device [24]. The term η embodies
many constituting parameters of the system, such as its open circuit voltage (VOC), shortcircuit current (ISC) (sometimes short-circuit current density (JSC) is used), and fill factor
(FF). These parameters are dependent upon the fundamental properties of the material
[23, 24] which include the band-gap energy of the substance as well the mobility of charge
carriers (electrons and holes) within it, both of which are heavily influenced by the lattice
structure and the defect density [23, 24]. Through modelling the behaviour of charge
carriers permeating throughout an ideal solar cell of infinite mobility, unity luminescent
efficiency, zero contact resistance, and zero junction loss, the balance between
photogeneration (figure 1.4 b - cyan) and radiative recombination processes (figure 1.4 b
10

– violet & dark yellow) can be studied as they will be important in limiting the efficiency
of the conversion process [21, 22, 24, 25]. This approach (i.e. to understand the
fundamental energy harvesting potential of PVs and its subsequent limitations) was first
developed and applied by Shockley and Queisser (SQ) and it is still the prominent method
used to evaluate the theoretical performance of PV devices [21, 22, 24, 25]. The method
yields a signature, predicted I-V response curve, like that shown in figure 1.3, from which
all the performance metrics previously stated (Isc, Voc, and FF) are derived.

Figure 1.3: The typical I-V curve (black) and power sweep (red) of a PV cell under illumination of a
AM1.5G spectra. The key electrical characteristics i.e. the short circuit current (Isc), the open circuit voltage
(Voc), the current (Imp) and voltage (Vmp) values which yield the maximum power point (MPP), as well as
the theoretical maximum power point (MTPP) are presented. The fill factor (FF) is the ratio of the device’s
performance (area under the I-V response curve) as a ratio of the same device’s theatrical performance
(area under the green curve)

Any optical, electrical, or conversion losses introduced through the non-ideality
of the material properties would result in efficiencies lower than that predicted under the
SQ scenario. This comes in addition to the losses introduced through the difficult
integration of individual cells, typically 156 mm x 156 mm in size into larger-scale
modules (~1.6 m x 1 m) [24, 54]. The divergence between η achieved with small form
factor cells (ηLab – figure 1.4 a – green), full scale modules (ηModule – figure 1.4a – blue)
and the maximum efficiency conceivable (ηSQ – figure 1.4 a – orange) across a host of
11

different PV technologies is provided in figure 1.4 a. The disparity between the highest
efficiencies realised thus far (ηLab) and those ideally attainable (ηSQ) highlights the room
for improvement on a fundamental architectural level [24, 26, 35]. The divergence
observed in scaling up the technology from a small form factor (ηLab) to a larger more
commercialised application (ηModule) pinpoints the improvements that have to be attained
to develop the transfer and adaptation of laboratory prototypes into integrated systems
[24]. The most mature technologies (figure 1.4 a - mc-Si, GaAs, and pc-Si) display very
little integration losses, while for new and emerging types of technology (figure 1.4 a perskovite and organic based cells) the losses can reach 50% [24]. As mature technologies
approach the SQ limit (~33% for a single junction), their evolution has begun to show
little change (figure 1.1 e), showing the need for rethinking the approach towards
curtailing the primary loss mechanism, i.e. the nonideality of the fundamental
semiconducting materials.
The fundamental loss mechanisms, stemming from the non-ideal reality of the
materials available, are summarised in figure 1.4 b. Taking mc-Si as an example, whose
bandgap energy (EG) is ~1.12 eV, the maximum energy convertible into usable electrical
power is 29%, while at the forefront of solar cell development η ~ 27% have been realised
with the material [22, 24, 25]. The remaining energy is lost due to a combination of: (1)
a large portion of the solar spectrum possessing energies well below the spectral region
that can be converted by the cell (this energy is not absorbed (figure 1.4 b - yellow)); (2)
another equally large percentage of the solar irradiance is constituted of high energy
photons, producing carriers which, upon relaxation within the lattice, generate heat
(figure 1.4 b – orange); and (3) some of the energy absorbed is lost internally due to the
radiative (figure 1.4 b – light yellow) or non-radiative (figure 1.4 b – purple)
recombination processes -[20, 24, 26, 35]. The first two mechanisms alone amount to ~19
% and ~30 %, respectively, decrease in the theoretical solar cell efficiency, even before
12

the considerations of adapting the technology towards larger scale applications. This
spectral mismatch between the optoelectronic properties of the active material and the
incoming solar flux constitutes, depending upon the material, 50% - 80% (figure 1.4 b)
of the losses incurred throughout the conversion process [24].

Figure 1.4: (a) The disparity between the Shockley-Queisser limit of theoretically attainable efficiency
(ηSQ – orange), and the highest efficiency achieved with modules (ηModule - blue) and cells (ηLab - green)
based upon different major PV technologies including; mc-Si, pc-Si, CdTe, GaAs, organic, CIGS,
perskovite, aSi-ncSi, mc-Si (x80) and InGaP/GaAs/InGaAs. Where mc-Si(x80) and aSi-ncSi stand for
monocrystalline silicon under an illumination of 80 suns, and amorphous/nanocrystalline silicon
respectively *Source [24]. (b) The fraction (%) of sunlight (AM 1.5G standard spectrum) lost to different
intrinsic loss mechanisms within an ideal PV device, as a function of the fundamental absorption band of
the active material, under the scenario envisioned by Shockley & Queisser: (1) light may not absorbed due
to the finite energy bandgap (yellow), (2) The excess energy of an absorbed photon is turned into heat
(orange), (3) The emittance of energy, in response to the recombination of pairs of holes and electrons
(green), and (4) the flow of charges throughout the electrodes generates entropy (blue) * Source [24]

An important question presents itself: is there another way through which some
of these spectral losses could be alleviated post-manufacture? Borrowing concepts
implemented in the design of organic based PVs (highly absorbing molecular species),
the energy intensive strategies devised for 3rd generation PV technology (modulation of
13

the incoming solar spectrum), as well as those encountered throughout the development
of dye synthesized cells (prolonging the operational lifespan through molecular
modifications) a method, now generically known as spectral conversion, can be proposed
to overcome some of these losses.
1.5

Spectral Converters
Conventional solar cell structures are fine-tuned towards the efficient capture and

conversion of light across the visible region (400 nm – 800 nm), where a considerable
fraction of the solar energy is distributed – see figure 1.5. The premise of spectral
converters lies in the utilisation of adaptive material strategies, to modulate the incident
solar spectrum to better suit the photoactive material responsivity to better utilise the
spectrum, rather than altering the architecture as in the case of 3rd generation PV
technologies [20, 26, 55-57]. Their structure offers the flexibility to be integrated directly
onto a finished PV device, in the form of a semi-transparent photoluminescent layer,
whose role is to absorb photons which are ineffectively utilised and convert them to
wavelengths more suitable for the photoactive PV material [20, 56, 57]. More electronhole pairs per incident photon are produced thus increasing the overall device external
quantum efficiency (EQE) and short circuit current density (Jsc)[20, 56, 57].
The modulation of the incident spectrum is achieved through a plethora of
different molecular species, each of which can be categorized into two distinct types of
converter based upon the spectral window of activity. The structures tailored towards the
capture and conversion of highly energetic photons from deep within the ultraviolet
region (λ < 400 nm) to more moderate energies are referred to as downconverters and
include both down-conversion (DC – figure 1.5, green arrow in Jablonski diagram) and
luminescent down-shifting (LDS

- figure 1.5, purple arrow in Jablonski diagram)

approaches [26, 55-57]. The divergence between these two analogous approaches lies in
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the internal conversion mechanism which facilitates the energy exchange process [26, 5557].

Figure 1.5: The energy distribution within the solar spectrum (AM1.5G – solid line) and the accompanying
spectral responsivity of a monocrystalline silicon cell (highlighted in grey): signifying the large amount of
irradiance left uncaptured even by the most highly commercialised form of PV technology available.
Approaches towards spectral conversion can be separated into two distinctive spectral regions (1) those in
which the molecules activity is confined towards λ < 400 nm – which includes down-conversion (DC) and
down-shifting (DS) strategies and (2) those whereby the molecules activity is within the infrared region (λ
> 1100 nm) – up-conversion strategies. The energy available for potential harvesting within each target
spectral window is 149 w m-2 (LDS and DC) and 164 w m-2 (UC) respectively: with these values dependent
upon the type of PV technology which the device is built upon [55]. The conversion mechanism
underpinning each strategy is also provided in the form of a simplified Jablonski diagram, where the
excitation (red arrow) event promotes the photoluminescent species into an excited state before returning
to the ground state via one or more radiative emission events; down conversion (green arrow), luminescent
down-shifting (violet arrow), and up-conversion (blue arrow).

The LDS approach relies on conventional photoluminescence, whereby, at best, a
single photon is emitted for every absorption event (figure 1.5). This restricts the
definition to molecular species whose luminescent quantum yield (LQY) is ≤ 1 [20, 26,
55-57]. As such, this strategy is focused on alleviating the energy losses arising from
Auger, Shockley-Read-Hall and surface recombination of charge carriers, which confines
devices (integrated spectral converter– PV cell systems) solely based on LDS to remain
15

bound by the Shockley-Quiesser barrier [56, 57]. The DC approach, on the other hand,
utilises the quantum-cutting to transfer energy from one radiative centre to another in
order to generate multiple low-energy photons from a single high-energy absorption event
and, hence, by definition, it encompasses structures which can possess quantum yield’s
(QY’s) ≥ 1 [26, 55-57]. In contrast to the LDS approach, devices incorporating DC
materials have the capability to circumvent the Shockley-Quiesser barrier as they can
generate a higher number of photons and, consequentially, electron-hole pairs than their
single-emission LDS counterparts [56].
Alternatively, structures with the potential to combine two or more low-energy
photons from within the infrared part of the spectrum (λ > 1100 nm) to produce one
higher energy electron-hole pair are known as up-converters (UC) [26, 56, 57]. The UC
layers are usually positioned beneath the PV cell to aid in the capture and transformation
of any sub-bandgap photons and a reflective layer ensures the up-converted photons are
redirected back towards the PV cell for conversion [26, 56, 57]. Comprehensive
theoretical studies have shown that idealised DC and UC materials have the capacity to
boost the conversion performance within a single-junction mc-Si solar cell from 29% to
36.75% [58] and 47.6% [59], respectively. However, both avenues remain limited in their
experimental application by the shear lack of availability of material candidates
possessing suitable optical properties in conjunction with low-cost scalable fabrication
routes [26, 55-57].
LDS, conversely, offers considerable scope for the addition of multifunctionality
into the application of PV devices through the capability of the retrofitted layer to act as
an external protective, hydrophobic and antireflective coating [60-64]. This, in
combination with the extensive library of material candidates already catalogued, the well
exhibited and understood loss-mechanisms at play and the highly developed readily
deployable fabrication pathways, have made LDS an alluring application [20, 56, 57].
16

1.5.1

Luminescent Down-Shifting (LDS)
In its simplest architecture, LDS embodies a planar photoluminescent layer coated

on the top surface of a PV device (figure 1.6 a). As a result of the photoluminescent
process, a fraction of the incident UV spectral irradiance, where most PV cells exhibit
low EQE’s, is absorbed before being re-radiated at longer wavelengths, where the
photoconductive material responds better [20, 56, 57]. A simple example of how the LDS
process modulates parts of the spectrum toward a spectral region of higher EQE is
provided in figure 1.6 b. The mc-Si cell exhibits a decrease in EQE for λ < 400 nm (figure
1.6 b – dashed line). A photoluminescent organic dye derivative that absorbs within this
spectral region (figure 1.6 b – cyan) and emits at λ > 500 nm (figure 1.6 b – red)
transforms parts of the incident radiation where the cells performance is “poor” (EQE <
0.6) to more energy efficient conversion windows where the EQE ≥ 0.8. The energy
distribution available within the standardised air mass 1.5 global (AM1.5G) spectrum is
also provided in figure 1.6 b (grey), in order to consider the process in terms of the
photons available for ‘down-shifting’. The lower energy photons emitted by the
luminescent species are subsequently absorbed by the Si cell, producing more electronhole pairs and thus an increased Jsc [65-70]. An increase in Jsc is typically, but not always,
correlated with an accompanying improvement in the devices EQE within the absorption
window of the LDS layer [56, 71]. Consequently, the LDS efficiency is quantified by a
combination of the relative changes in the EQE and IV curves measured before and after
the LDS coating is applied [56, 65-71].
The introduction of an LDS layer into the PV system creates a cascade of
additional interactions with the incoming radiation, resulting in the emergence of extra
loss mechanisms – the majority of which are highlighted in figure 1.6 a. Therefore, any
potential enhancement offered by modulating the spectrum must compensate for these
losses before offering an overall improvement [56, 65-71]. These additional losses stem
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Figure 1.6: (a) Schematic of an LDS-fitted PV device showing the various pathways an incident photon
(blue arrows) can take within the optical system (red arrows), and (b) the corresponding aggregate spectral
properties stemming from the series of interactions for an LDS fitted mc-Si device: whose external quantum
efficiency (EQE) in response to the solar irradiance (AM1.5G – grey) is highlighted with a dashed line. An
incident photon [1] can pass straight through the LDS layer without interacting with the photoluminescent
material [5]. Alternatively, a photon can be reflected from the front surface of the LDS layer [2] or interact
with the luminescent species [3] prior to undergoing reflection and exiting the side of the layer [8]: such
losses are collectively bundled as the escape cone losses. Finally, the photons which interact with the
encapsulated photoluminescent material [3] can undergo reflection [6] or undergo a successive series of
photoluminescent events [7] before finally reaching the underlying cell.

from the host material; (ii) the non-ideal optical characteristics of the
luminophore, particularly its luminescent quantum yield (LQY), where LQY is defined
as the ratio between the number of photons emitted and the number of photons absorbed
by the molecular structure; (iii) re-absorption from the luminophore due to partial
overlapping of its absorption and emission bands (figure 1.6 b – cross section between
the two spectra); (iv) the isotropic nature of the emission process, resulting in optical
losses through the top and side planes of the layer (figure 1.6 a – [2] and [8]); and (v)
increased reflection from the front surface due to the introduction of an additional
interface [20, 55, 56, 65, 66, 68-70].
As a direct consequence, most of the research effort since the early 1970’s [72]
has been funnelled into the development, characterisation and enhancement of the array
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of material combinations suitable for exploitation within LDS devices [20, 56, 57]. An
ideal ‘down-shifting’ material should exhibit: (1) an LQY close to unity, (2) an absorption
band confined within the spectral region where the EQE of the cell is low, (3) a high
absorption coefficient, (4) a good degree of separation between the absorption and
emission bands, in order to minimise reabsorption losses, (5) a highly cost-effective yet
scalable synthesis route, and (6) a prolonged photostability under harsh environmental
conditions [20, 39, 56, 57].
1.5.1.1 Photoluminescent materials
1.5.1.1.1 Organics Dyes
The class of LDS materials spawned the inception of spectral conversion
applications in the mid 1970’s due the phenomenal optical properties they exhibit [7379]. They possess a close to unity LQY, relatively high absorption coefficients and are
easily processed into a wide array of different host media [73-79]. When combined with
the abundance of different robust low-cost synthesis routes from which they can be
obtained, it is easy to see why the organic dyes remain one of the most widely utilised
materials in the design of spectral conversion devices [20, 56, 73-79]. However, their
molecular structure tends to favour a large degree of overlap between the absorption and
emission bands, leading to the onset of significant re-absorption losses [5, 20, 70, 80].
The same structural features are responsible for the pronounced susceptibility of these
molecules to UV radiation, particularly over prolonged periods, where their photostability
remains questionable [20, 56, 78]. This is particularly evident when comparing the
stability of an organic dye, synthesised using different fabrication techniques, to various
climate and/or environmental scenarios [20, 56, 78]. The renowned Lumogen F range
developed by BASF, which includes the Violet 570, Red 300 and Yellow 083 perylene
and naphthylamide based derivatives, is typically quoted as having an operation lifespan
matching that of the PV modules they are designed to improve [81-83]. However, there
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are numerous instances where the photostability of the same structures is reported as
being less than 100 days, even under very moderate temperate climate conditions [83,
84].

Figure 1.7: (a) Geometry, (b) quadrupole moment and (c) electrostatic surface potential (where red is
positive and blue is negative) of typical π-π interactions (stacked, T-shape, and parallel displaced) found in
aromatic based systems. *source [93]

Besides these drawbacks organic based dyes frequently suffer from fluorescent
self-quenching when encapsulated within solid state frameworks, particularly of the
polymeric variety [20, 56, 66, 85-87]. The planar nature of the coumarin, phenyl,
naphthylamide and perylene derivatives, which form the molecular scaffolding of most
organic photoluminescent dyes, energetically favours π-π stacking (figure 1.7) [88-92].
This electrostatic interaction between neighbouring planar moieties serves to increase the
energy lost through non-radiative pathways within the LDS structure and it is typically
responsible for the divergence between the solid (referred to as PLQY) and liquid phase
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LQY [56, 87, 88, 91]. Depending upon the physiochemical properties of the surrounding
host media and the control exercised over the encapsulation environment, this reduction
can be quite dramatic, with some luminophores LQY decreasing by as much as 20% once
embedded within a matrix material [85-87].
To avoid these problems and improve their application in LDS, research and
development of molecular systems, whose carefully constructed network of donor (D)
and acceptor (A) moieties provide the desired intramolecular charge transfer (ICT)
characteristics, specific to an individualised application, is well underway [87, 94-97].
Studies have shown how the careful manipulation of the donor and/or acceptor charge
densities can fine-tune the absorption and emission characteristics of such a fluorophore
and help combat the self-absorption losses stemming from the classically small Stokes
shift [86, 87, 98-100].
A similar approach is explored in relation to the material candidate studied
throughout this thesis [1,10] Phenanthroline in chapter 4. Further refinements in the
structures rigidity minimise or prevent the propensity of the system to favour π-π
interactions once embedded within the chosen host material [87, 94, 95, 97, 101]. This
concept has even been adapted, through aggregation-induced-emission, to ensure that
certain forms of molecular rotation are restricted, lessening the energy lost through these
non-radiative pathways and further reducing the divergence between the systems solid
and liquid state QY’s [87, 94, 95, 97, 101].
1.5.1.1.2 Metal coordination complexes
Metal coordination frameworks or coordination complexes that incorporate
lanthanide (𝐼𝐼𝐼) ions such as europium (Eu3+) represent a promising alternative to the
other luminescent materials due to their extremely narrow emission bands, very large
Stokes shifts and highly luminescent nature [56, 102]. Their unique electronic
configuration, which consists of partially filled d- and f- subshells, elicits a distinctive
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emission spectrum at wavelengths close to 615 nm, directly within the optimum
conversion window for most PV based technologies - particularly mc-Si [102, 103].
Although the photoluminescence exhibited by the lanthanide ions is an extremely
efficient process, their relatively weak absorptivity (for example the molar absorptivity
of most lanthanide ions is less than 100 mol-1 cm-1 [103]) results in only a small amount
of radiation being absorbed by direct excitation of their 4f energy levels. However, this
problem of weak absorption can be overcome through harnessing the so-called ‘antenna
effect’ (intersystem crossing - figure 1.9) of intramolecular charge transfer (ICT), once a
free lanthanide ion has been coordinated with suitable organic ligands or fluorescent dyes
[103-107]. The intense absorption band(s) of the organic chromophores act as ‘antennae’,
which in turn transfer their excitation energy to the rare-earth ion before emission [103107]. Within a complex, this transfer of energy is highly dependent on the alignment
between the excited states available within the lanthanide and those accessible in the
triplet state of the polydentate ligand or fluorescent dye molecule [103-107]. The more
energetically favourable this triplet to singlet transition becomes, through refinements in
the synthetic chemistry protocol, the stronger the resulting complexes photoluminescent
emission grows [5, 15, 103-105]. For illustration, switching the configuration of the
bidentate ligand used to construct a series of tridentate ligands and their europium (𝐼𝐼𝐼)
complexes pushed the absolute quantum yield of the thin film LDS layers produced from
13% to 92% within a PMMA encapsulant [106].
The absolute LQY of a complex is an aggregate of the efficiency of the ICT
processes and the intrinsic quantum yield of the ion located at the centre of the complex,
the latter being lanthanide dependent and strongly influenced by the corresponding
coordination geometry of the complex and its surrounding environment [108]. The
capability to tune a metal coordination framework’s photophysical, mechanical and
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chemical properties through the diligent selection of the proper ‘antenna’, potentially
through utilising non-toxic precursors (unlike quantum dots), has made this type of material

Figure 1.8: Schematic overview of a metal coordination complexes key components (1) a series of aromatic
ligand derivatives which act as “antennae” shuttling the energy they absorb directly into the (2) metal ion
(Eu coordination centre – shown in red) and (3) the accompanying sensitizing co-ligand (in this instance
1,10-philathroline) which acts to enhance the structures stability whilst also ensuring the distinctive
transitions within the metal, which perturbate their signature emission spectrum (shown in red within the
accompanying spectrum) are encouraged. An example of the absorption (red/green) and emission (red)
spectra one of the most widely studied coordination complexes – Eu(TTA)3Phen, where TTA is 2Thenoyltrifluoroacetone, is provided to showcase the dramatic stokes shift achievable with similar
structures.

an area of increased interest in recent years [104, 106, 108, 109]. There is a particular
interest in the photoluminescent enhancement of lanthanide ions with aromatic molecules
as these structures (aromatics) are frequently used as structural and functionalised probes
in biological systems. In addition, they are playing integral roles across an assortment of
optoelectronic applications [104]. For organic functionalised compounds to be practically
incorporated into an application, it is important that their solubility in organic solvents
such as those typically encountered throughout the processing of polymeric materials
and/or PV modules (toluene, acetone, ethanol or chloroform) is readily achievable [107].
However, many functionalised compounds do not dissolve sufficiently in these media due
to their largely π-conjugated systems, which induce strong π-π interactions among
neighbouring molecules [107]. Hence, there is an incessant need to identify organic
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derivatives which not only possess favourable optoelectronic properties when paired with
an ionic centre but retain their desirable functionality for adoption in practical
applications. Nevertheless, these strongly absorbing polydentate ligands (a ligand which
can provide more than one bonding site for a metal atom or ion located at the centre of a
coordination complex) on their own, although shuttling more energy through the
complex, do not produce sufficient excitation of the lanthanide ion due to the forbidden
nature of such intra-configurational transitions [102, 104, 107, 109].
To further enhance the effectiveness of the lanthanide excitation process, a
photosensitising co-ligand is typically additionally incorporated into the coordination
sphere of the metal [102, 104, 107, 109] – see figure 1.8. The co-ligand serves not only
to augment the electronic environment around a metal ion, but also acts as a buildingblock upon which different chemical moieties can be attached to further expand the
variety of coordination geometries that are possible [110, 111] – figure 1.8. The rich
coordination chemistry achievable with 1,10-phenanthroline, a neutral bidentate ligand,
represents one of the most widely exploited sensitising-agents encountered throughout all
of coordination chemistry [110, 111]. Its inclusion in a coordination framework (figure
1.8) has not only been shown to enhance the overall structural, thermal and optical
behaviour of the complex, but its presence is also well correlated with a reduction in the
availability of non-radiative decay modes, further enhancing the fluorescent intensity of
the emission process [102, 104, 109]. For instance, increasing the molar ratio (x) of
phenanthroline (Phen) within an Eu(DBM)3Phenx complex has been shown to enhance
the fluorescent intensity of the characteristic Eu emission by a factor of ~10, with the
enhancement retained even after subsequent embedding within a polymeric network
[104].
The inclusion of coordination complexes within polymeric networks, such as
those used for the encapsulation of the photoluminescent material within LDS
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applications or the active structures encountered in organic PV devices, has produced
composite materials with excellent thermal properties [102, 104, 108, 109, 112, 113].
Recent studies [102, 104, 108, 109, 112, 113] have reported and revealed the prolonged
photo- and thermo- stability of luminescent down-shifting layers composed of Eu(𝐼𝐼𝐼)
complexes, and have alluded towards operational lifetimes exceeding 10 years [114]. The
enormous interest in these composite materials stems from their advantageous
luminescent characteristics, excellent mechanical properties and their lightweight and low
temperature processability [104, 108, 112-114]. The well documented long-term
susceptibility of certain solar module constituents, particularly the encapsulation utilised
to provide protection to the module from moisture and impact, to photodegradation under
the continuous UV-irradiation makes this radiation undesirable [56, 106, 109]. Classically
this is combated, directly, through the inclusion of UV absorbers within the poly-methyl
methacrylate (PMMA) or ethylene-vinyl acetate (EVA) encapsulating materials,
consequentially decreasing the potential solar cell efficiency [109]. Considering the
excellent dispersion behaviour of many derivatives of metal coordination complexes
within polymeric matrixes, particularly of the same variety as those used for the
encapsulation of solar modules, their adoption into alternate cost-effective spectral
conversion structures remains warranted [20, 56]. Coinciding with a reduction in the
photodegradation experienced by the encapsulating material, improvement in the short
wavelength responsivity of the photoconductive material is an enhanced capability of
such an organic-lanthanide down-shifting structure to more rapidly conduct heat away
from the cell during its operation, which is favourable if the systems energy harvesting
potential is to be maximised.
1.5.2

Phenanthroline
Over the last few decades 1,10-Phenathroline (figure 1.9 a) has been extensively

studied for its application as a chemically versatile, fundamental building-block of an
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extensive ensemble of luminescent molecules, materials and metal complexes [110, 111].
Its exhibition of a fortuitous combination of chemical (aromaticity, basicity, inertness and
its chelating capability) and structural properties (planarity and rigidity) has enabled the
development of sophisticated synthetic strategies that have produced such diverse alluring
molecular architectures as mono- and poly-nuclear complexes [110, 111]. Compared to
its analogues, the 1,10-phenantrholine’s (Phens) substantially more rigid aromatic
framework is reflected in the structure of the spectral features resolved within its
absorption (figure 1.9 b – black) and emission spectra (figure 1.9 b – red). The
confinement of the pristine molecule’s absorption band to the ultraviolet spectral region
(200 nm - 320 nm), its short emission wavelength (λemission = 360 nm) and its extremely
low LQY (< 0.01) are a direct consequence of its electronic band structure [110, 111].
Phens exhibition of π - π* (strongly emissive, radiative decay pathway) and n - π* (poorly
emissive, non-radiative decay pathway) singlet excited states of a similar energy stems
from the two very close-lying molecular orbitals of the structures [110, 111]. Hence, an
effective strategy to augment the photophysical properties of pristine Phen is to increase
the energy separation between these two alternate energy levels (π - π*, n - π*) through
introducing suitable substituents onto the Phen ring (figure 1.10).
The synthetic strategies adopted have primarily focused on the substitution of
various functional groups at the 2,9- and 4,7- positions (figure 1.9 a), whereas the 3,8and 5,6- sites on the aromatic system have been less common [110, 111]. The attached
functional groups served to either (1) extend the π-conjugation of the system or (2)
inject/withdraw electron density from the aromatic ring [110, 111]. Symmetric
substitution of Phen with aromatic residues at the 2,9- positions (figure 1.9 c and e) has
proved to be a very effective method of enhancing the bidentate ligands photoluminescent
performance (see figure 1.9 d). For instance, as the substituted aromatic (R) is switched
from phenyl (figure 1.9 d – blue) to anisyl (figure 1. 9 d – red), there is an inherent
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bathochromic shift in the absorption spectrum indicating a progressive lowering of the π
- π* level, which, in turn, diverges from the n - π* level and promotes the growth of
radiative transitions [110, 111]. This is apparent in the almost doubling experienced in

Figure 1.9: (a) Schematic structure of 1,10-philanthroline (I) with related ring numbering and the bidentate
ligands corresponding normalised (b) absorption – (black), emission – (red) and phosphorescence – (blue)
spectra in CH2Cl2 [110]. (c, e, f) Substituted phenanthroline architectures, where R denotes the specific
moiety introduced and the corresponding absorption (d) and emission spectra (g) of the compounds for
which (II) R = H (absorption spectrum shown in d – black) or R = OCH3 (absorption profile shown in d –
blue), and (IV) R is alternated between H, CH3, OCH3 and N(CH3)2 [110]. The luminescent quantum yield
(LQY) of the each phenanthroline derivative is also provided as a mean of comparison, with the LQY of
the compounds abbreviated in (f & g) varying from 0.41 (R = H), 1 (R = CH 3), 0.64 (OCH3) to ~ 0 (N(CH3)2)
[110]
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the compounds LQY (16 % to 32 %) as this alternation occurs with an even more
impressive 89 % LQY achieved when the two aromatic moieties (anisyl and phenyl) are
interlinked (figure 1.9 e) forging further conjugation [110, 111].
An alternative set of strategies [115] targets the electronic delocalization along
the 3,8- positions of the aromatic scaffolding to further fine-tune the photophysical
properties of Phen in order to achieve an intense emission in the visible region (figure 1.9
g). This modulation of the delocalised electrons in their excited state results in these
compounds (figure 1.9 f, where R is alternated through; H, CH3, OCH3 and N(CH3)2)
displaying a gradual red-shift in their emission spectra (figure 1.9 g), directly in line with
the electron donating abilities of the substituent [115]. For example, in the prevalence of
radiative transitions, an unsubstituted phenylacetylene derivative (figure 1.9 e, R = H)
elicits a relatively high photoluminescent quantum yield (LQY = 0.41), while methyl
substituted derivatives (figure 1.9 e, R = CH3) produce a unity luminescent quantum yield
(LQY = 1) [115]. Alternate electron-donating fragments, such as methoxy (figure 1.9 e,
R = OCH3) and N,N-dimethyl derivatives (figure 1.9 e, R = N(CH3)2), produce a more
polarised excited state, which may be responsible for their suppression of radiative
transitions and their correspondingly low LQYs of 0.64 and ~0, respectively [110, 115].
Even though the behaviour of 1,10-Phenanthroline towards chemical and
structural alterations within its scaffolding remains well-explored [110, 111], the need to
continue to discover and diversify the synthetic strategies available for augmenting its
photophysical characteristics remains amplified [110, 111]. This takes place especially in
the pursuit of highly luminescent energy-harvesting materials, where ample room for
expansion remains in the utilisation of Phen as both a basis and a standalone material
candidate for expanding and enhancing the functionality of photovoltaic and
photothermal applications.
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Figure 1.10: Energy levels (π1, π2 and σN) existing in pristine phenanthroline and their corresponding
molecular origin within the aromatic ring (highlighted in black). *Source [116]

1.6

Photoluminescence
Deconvolution of the molecular transitions afforded by a chromophore is

classically represented in a Jablonski diagram (figure 1.11), in which the internal energy
configuration of a photoluminescent molecule is visually represented [117]. As radiation
strikes a chromophore, electrons within the molecule can become promoted into an
excited state either through electronic (λ = 200 nm to 800 nm) or vibrational (λ = 3 µm –
100 µm) transitions [117]. Immediately after this excitation (~10-15 s), any excess
vibrational energy from an absorption event becomes dissipated through thermal
relaxation (~10-12 s), allowing the excited electron to minimise its vibrational energy
within a given excited electronic state before any further transitions occur [117]. From
this excited state (S1, S2…), the electron can subsequently undergo a series of different
decay pathways on return to its original ground state (S0) through a combination of nonradiative

and

radiative

processes.

Radiative

processes

(luminescence

and

phosphorescence) are typically favoured from a structural standpoint due to their
widespread applicability across a host of different applications including the construction
of energy adaptive architectures, environmental monitoring, molecular diagnostics and
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many more [117]. Their non-radiative counterparts (intersystem crossing, thermal
relaxation, collisional quenching, etc.), on the other hand, result in the exogenous
production of thermal and electronic interactions with the surrounding solvent and are
favourable in applications where the generation of localised heat fluctuations is warranted
i.e. solar-thermal energy systems. These two defining characteristics (radiative and nonradiative processes) of a chromophore are embodied in the luminescent quantum yield
(LQY). The LQY, representing the efficiency of the radiative processes in relation to their
non-radiative counterparts, is highly dependent upon the decay rate of the individual
processes responsible for returning to the ground state (S0) [117];
𝐿𝑄𝑌 =

Г
Г+𝑘𝑛𝑟

(1.1)

where Г is the emissive (photoluminescent) rate constant and knr is the collective rate
constant for all non-radiative decay processes, individual to the chromophore.
Consequently, the LQY of a luminophore can be modified through careful control of
either one of the rate constants (Г or knr) [117]. A promising synergistic alternative not
only offers to enhance the functionality of the luminescent materials, in terms of their
natural LQY’s, but also has the capability to further expand the architectures imagined
for optoelectronic devices is plasmon-enhanced photoluminescence.
1.7

Plasmon-enhanced photoluminescence
It is well known that when a luminescent species comes into close proximity to a

metal nanoparticle’s (MNP’s) surface, its luminescent properties can become altered
[118, 119], sometimes significantly. The LQY, the emission intensity, and the
directionality of the emission process of diverse luminophores (quantum dots,
luminescent dyes, metal coordination complexes) are susceptible to these interactions and
have been widely studied [120-124]. The cooperative interaction between the two species
(luminophore and MNP), is broadly termed metal-enhanced fluorescence (MEF) or
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plasmon-enhanced photoluminescence (PEP), as the interaction is manifested through an
aggregate of many different energy-transfer mechanisms [125].

Figure 1.11: Jablonski diagram showing the electronic and vibrational energy levels of a photoluminescent
molecule such as an organic dye, quantum dot or heteroaromatic fluorescent ligand. Electronic excitation
of a delocalized electron within the molecule promotes the electron to an excited singlet state (S1, S2 ….)
whereby there are a number of radiative (fluorescence – red arrows, phosphorescence – blue arrow) as well
as non-radiative (intersystem crossing – dark orange arrows, thermal relaxation & internal conversion -gold
arrows) transitions available allowing the molecule to return to its ground state (S 0). The electrons
orientation in both singlet (paired electrons) and triplet (unpaired electrons) states is also provided

The collective oscillation of electrons across a metal’s surface (figure 1.12 a) in
response to electromagnetic irradiation provides the capability of these nanostructures to
manipulate light and light-matter interactions in an extremely controlled fashion – a
phenomenon referred to as localised surface plasmon resonance (LSPR) [125]. This
intense concentration of light around a nanostructure gives rise to highly locally
intensified-electromagnetic fields (the near-field), whose distribution is dependent upon
the modulation of the interaction [126]. The exact nature of the modulation is highly
dependent upon the composition of the metal [127], the size and the shape of the NP’s
[128, 129], the intersection of the luminophores absorption and emission bands with the
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LSPR band produced by the NP’s [130-132], the fluorophores intrinsic LQY [133] and
by the physical separation between the particles of the luminescent and NP species [128,
134]. Noble metals such as silver (Ag) or gold (Au) are the most widely explored as their
electron-rich surfaces facilitate the formation of plasmonic properties within the
ultraviolet/visible spectral region, where most of the extensive range of luminophores are
active [118, 120, 125, 126].

Figure 1.12: (a) Schematic of localised surface plasmon resonance (LSPR) phenomena arising through the
interaction of conduction band electrons within a spherical metal nanoparticle, with an external
electromagnetic field. (b) Classical Jablonski diagram for the free-space (no metal present) condition and
the modified form in the presence of metallic nanoparticles, islands or colloids [126]. The coinciding of the
metals LSPR absorption within the absorption (c) and emission (d) bands of a luminophore, resulting in the
excitation enhancement of the luminophore through near-field Förster resonance energy transfer (FRET)
or scattering, or the emission enhancement of the luminophore through FRET respectively [135].

When a MNP is introduced, the simple free-space Jablonski diagram envisioned
for conventional photoluminescence (figure 1.11 & re-represented for convenience in
figure 1.12 b) becomes modified to account for the additional excitation and radiative
decay modes facilitated by the MNP (figure 1.12 b). The corresponding amplified LQY*
is given by [118];
Г+Г𝑀

𝐿𝑄𝑌 ∗ = Г+Г

∗
𝑀 +𝑘𝑛𝑟
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(1.2)

∗
where ГM corresponds to the decay rate from the MNP’s and 𝑘𝑛𝑟
represents the

collection of non-radiative modes available in the coupled system i.e. those in the
luminescent species as well as those in the MNP. These photophysical properties of a
luminescent species are typically augmented through the careful consideration of the
correspondence between the optical properties of the luminophore and the LSPR
frequency of the metal - figure 1.12 d and e [125, 136]. The changes induced through the
presence of a MNP are being strongly mediated through careful control of the distance
between the two species [125, 126]. As an excited luminophore is brought closer to a
MNP, the oscillating near-field of the decaying molecule excites surface plasmons (waves
of coherently oscillating delocalised electrons on the metal surface) provide the frequency
of the transitions match [137, 138]. In such cases the energy from the donor (the
luminophore) is transferred into the metal, via a process called Förster resonance energy
transfer (FRET), before being re-radiated and, thereby, increasing the radiative decay rate
(ГM) [125, 139, 140]. Hence, a luminescent species located within this near-field
interaction distance (20 nm – 50 nm from the MNP’s surface) experiences an increase in
excitation intensity (EM in figure 1.12 b) followed by an enhancement in the emission rate
[118]. As an excited luminophore is continuously brought closer in proximity to the
metals surface, the energy from the excited states of the molecule begin to energetically
favour quantum tunnelling into the MNP and becomes lost through dissipative and ohmic
heating process inherently favoured by the metals band structure [125, 141-143].
As such, the enhancement in LQY involves the competition between radiative and
non-radiative modes, both of which increase as the luminophore approaches the surface
of the MNP [136]. In the case of highly efficient luminophores, the increased rate of
enhanced radiative emission becomes marginalised and the interaction can become
dominated by the enhancement of non-radiative modes, even though the overall
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fluorescent intensity increases [136]. Conversely, the interaction favours molecular
structures whose intrinsic LQY is low, as under these circumstances the enhancement
initiated in the non-radiative modes effectively lags the enhancement initiated in the
radiative decay rate [136]. Leveraging the collective dipole-dipole interactions activated
within MNP networks offers an alternative route to further enhance and fine-tune the
photoluminescent emission intensity exhibited by a luminophore [125, 144-148]. Each
metal nanostructure within the network (which can be a cluster, pattern, or even a
collection of aggregates) can receive energy from all the neighbouring components and
couple this energy into the induced electromagnetic fields [125, 144-148]. The strength
of the fields established within this collective network are of a much greater magnitude
than those generated in isolated non-interacting MNP’s systems [125, 144-148]. For
example, the fluorescent intensity of polystyrene beads has been shown to be enhanced
by more than 270 % of its original value when placed within the localised “hot-spot”
established through the interactions of two neighbouring Au NP’s [144], while the
enhancement was only 150 % of the original value, when the luminescent beads were
located near a single Au NP [144].
1.8

Photothermal
Despite the amplified uptake in the number of renewable pathways, from which

we continue to derive an ever-increasing portion of our electrical demands, ‘heating and
cooling’ remains the largest single sector of the European energy system that awaits
decarbonisation [149, 150]. This sector alone accounted for 50% of total energy
consumption in 2015 with 84% of this demand being generated from fossil fuels while
only 16% stemmed from renewable sources such as biomass, geothermal and
photothermal (solar thermal) technologies [151]. In the same year, across EU households,
the heating and hot water demand singlehandedly accounted for 79% of the residential
energy consumption [149, 151]. In an Irish context, 90% of the heating (spatial and hot
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water production) demands are met through fossil fuel resources, while a further 8% is
created using electricity from the electrical grid [150]. To promote decarbonisation within
the heating and cooling sector, the EU plans to have up to 50% (~200 GWthermal) of its
low to medium temperature water (utilised throughout the residential, building and
industrial sectors) delivered by photothermal energy systems by 2050 [150]. Currently,
photothermal technologies only deliver ~ 0.5% of this estimated spatial and water heating
demand within the European region [149, 150].
Solar thermal collectors (STC’s) work as heat exchangers in which the incoming
solar energy is selectively absorbed and transformed into heat before being transferred to
a working fluid which carries the energy, either to directly produce electricity or
alternatively store it for periods of high demand [152-154]. Flat plate solar thermal
collectors (FPSTC’s), like that shown in figure 1.13.a, represent the most widely
produced collection device operating within the low temperature regimes (25 0C - 80 0C
above ambient) typically encountered in the production of hot water [155-157]. Although
their cost-effective production and installation has made them an essential component in
residential applications of solar-thermal systems, they remain limited by the low thermal
efficiencies achievable [155-157]. The principal strategies to improve the thermal
performance of the collection system are: (1) modify the geometry of the collector design;
(2) develop innovative working fluids; or (3) integrate different collection systems into a
single hybrid design [154]. Improving the thermal characteristics of the working fluid has
proved to be the most fruitful avenue due to the dominant role played by the fluid in
establishing the performance and transfer dynamics within a STC system [153, 156, 158,
159]. The hybridisation of solar thermal systems with other alternative renewable sources
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offers the potential to capitalise on the synergistic interactions between the two or more
cooperative co-dependent systems [160-163].

Figure 1.13: (a) Examples of the different types of flat plate solar thermal collection (FPSTC) systems
commercially available, as well as their key design features. (b) The limiting factor effecting the thermal
efficiency achievable with solar thermal collector’s lies is the ‘poor’ thermal properties possessed by
conventional singe-phase heat transfer fluids, particularly their extremely low thermal conductivity, some
of which are highlighted for comparison. (c) schematic of the operating principle underpinning spectral
beam splitting (SBS) technology, in which the working fluid (nanofluid, composite fluid or a hybrid fluid)
acts to selectively absorb the spectral regions ineffectively utilised by the cell, shown in (d – spectral
windows highlighted as ‘thermal’), whilst remaining highly transmissive in the ideal operating window

1.8.1

Heat Transfer Fluids
Conventional single-phase heat transfer fluids (water, ethylene glycol or glycerol)

were originally utilised because of their natural abundance, chemical inertness and
relative ease of handling [164]. However, their relatively short-lived commercial success
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is now being overthrown in the search for highly efficient heat transfer fluids whose
chemical, physical and thermal properties can be controlled on the molecular level [164169].

The remarkably high thermal conductivity (figure 1.13 b) and heat transfer

coefficient produced by nanoscale structures (spheres, cubes, prisms, triangles, fibres,
etc.) when dispersed throughout a suitable base fluid (water, ethylene glycol, etc.) has
made the so-called ‘nanofluids’ a serious contender for improving the thermal
performance of STC’s [164-169]. Through careful control of the nanoparticle’s
composition, size, shape, size-distribution and concentration within a fluid, thermal
collection efficiencies of up to 93 % can be realised [164-169]. However, the high surface
area to volume ratio of the nanostructures, coupled with the high surface energy, leads to
an unstable fluid whose thermal characteristics vary with temperature and time [156, 170173]. The plethora of robust synthesis routes allow us to control the nanoparticles
photophysical characteristics and to fine-tune them for a given application. Usually, these
routes also employ particularly expensive raw materials and very often they involve
environmentally unfriendly precursors [174-178]. Consequently, there is a need to
develop a highly stabilised nanofluid which offers a superior solar-energy absorption
property and derives from an environmentally friendly synthesis route[153, 173-178].
In efforts to promote and control the thermophysical properties of different base
fluids, many material avenues have been explored including metals (Ag, Au, Cu), oxides
(TiO2, CuO, Al2O3), carbides (TiC, SiC), and various allotropes of carbon (Carbon
nanotubes, graphite, carbon black). However, given the innumerable synthetic protocols
available and the continual development of ever more intricate particle geometries there
remains ample room for expansion of the final fluid’s configuration.
1.8.2

Hybridisation
Solar thermal power is an ideal technology to hybridise with other existing forms

of energy technology for power generation as heat is a typical by-product of the inefficient
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conversion processes already ongoing within the standalone technology [155, 179, 180].
It can be readily united with other types of energy (coal, natural gas, biofuels, etc.) into a
synergistic hybrid system which has many benefits including improved efficiency,
increased dispatchability, reduced capital costs through equipment sharing, and the
opportunity for flexible operating conditions through alternating between the different
energy sources. Thus, hybridisation can lead to an overall enhanced net-efficiency
through synergy between the distinct energy sources [155, 179, 180]. As photovoltaic and
photothermal technologies share the same energy source (the sun), the combination of the
two presents some strong synergies. PV technologies classically exhibit a decline in their
performance under elevated temperature [155, 179, 180]. Because of this, the PV cells
are largely designed to be cooled, either actively or passively, to keep them functioning
at peak operating conditions [180-184]. Instead of simply cooling them, and wasting
potentially harvestable thermal energy, hybrid photovoltaic-thermal (PVT) systems use
this thermal energy to increase the overall efficiency of the system [155, 179, 180]. The
heat transfer fluid is either in direct contact with the surface of the PV or kept separated
depending upon the specifics of the application [155, 179, 180]. Thus there is a delicate
balance between the recoverable waste-heat and the electricity generated by the
complementary PV component [155, 179, 180]. But what if there was a way to preserve
the enhanced thermal properties offered by two-phase heat transfer fluids, while allowing
for a reduction in the electrical energy scarified through the inclusion of the thermal
component?
Spectral beam splitting (SBS – shown in figure 1.13 c) offers the potential to
include all three of these design aspects in a single hybrid system. In a spectral beam
splitter a liquid optical filter serves as both a heat transfer fluid and a spectrally selective
absorber, heavily absorbing the wavelengths ineffectively captured by a PV cell
(‘thermal’ regions outlined in figure 1.13 d), and highly transmissive within the spectral
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region where the PV cell elicits peak performance (‘electricity’ region outlined in figure
1.13 d)[180, 185-190]. Separating the liquid filter from the PV component in SBS PVT
systems has several advantages as the absorptive liquid is usually inexpensive and it can
serve multiple purposes simultaneously: (1) it absorbs the solar irradiance that is
inefficiently utilised by PV; (2) the thermal energy generated can be stored and
transported by the fluid; and (3) the filter characteristics can be easily modified by altering
the liquid’s optoelectronic and thermophysical properties [180, 185-190]. In order to
achieve the high operating temperatures (150 0C - 700 0C) required to facilitate the
penetration of SBS-PVT systems into a greater number of industrial and energy
production applications, concentration optics must be also employed [155, 180].
Concentrated PVT (C-PVT) systems with spectral beam splitting technology could offer
significantly higher heat transfer fluid temperatures and markedly broaden the spectrum
of integration options for C-SBS-PVT systems as the technology continues to develop
[155, 180]. However, for these systems to be realised a long-term thermally stable liquid,
which is also environmentally friendly, with suitable absorption spectra remains to be
identified [155, 180].
1.9 Project Outlook
1.9.1 Photovoltaic
In this work a systematic approach towards addressing the extent of the losses
introduced through the inclusion of an LDS layer within a PV system is developed and
demonstrated in conjunction with novel luminophores. A set of 27 heteroaromatic
chelating ligands, built upon a phenanthroline scaffolding, were evaluated and explored
in terms of their photoluminescent properties and suitability for LDS and PLDS
applications. The leading candidates were embedded within a relatively thin (~10 µm)
poly-methyl-methacrylate (PMMA) layer and their fluorescent properties (absorption,
emission intensity, and LQY) explored and optimised for the fabrication of thin-film LDS
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devices constructed upon mc-Si technology. The subsequent impact of each molecule on
the energy harvesting capabilities of the resulting LDS devices was thoroughly explored
through electrical characterisation using I-V and EQE measurements. A complementary
series of photostability trials were also carried out to further refine the viable lifetimes of
these candidates under different climate conditions.
To counteract the combination of reflection losses (introduced through the
creation of an additional optical interface within an LDS-PV system) and the losses
stemming from the non-ideal nature of most photoluminescent materials, a set of
supplementary optical structures was devised. The structures, comprised of single-layer
and double-layer antireflection coatings, were designed to generate maximum reflection
suppression within the typical absorption window of commonly used fluorophores. The
impact of this additional optical structure’s composition, thickness, and complexity on
the electrical performance of an underling mc-Si architecture was evaluated and explored
using the transfer matrix method. The premise of the structure, within these augmented
solar cell designs, lies in the possibility of offering a cost-effective alternative to the
already complex series of frames, sealants, protective glass casings and polymeric
encapsulants currently embodied within the design of a typical PV full scale module.
Through a combination of theoretical and experimental approaches, the initial design
considerations behind these structural-enhanced LDS (SE-LDS) or PLDS (SE-PLDS)
devices was established.
1.9.2

Photothermal
In the pursuit of highly efficient heat transfer fluids for STC’s, a hybrid nanofluid

conformation was considered and investigated. The hybrid fluid, comprised of a diverse
set of distinct particle morphologies (spheres, prisms, hexagons, and other non-spherical
geometries), was obtained through a two-step wet chemical synthesis route which utilised
readily available reagents. The photophysical properties of the nanostructures, controlled
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through subtle refinements in the concentration of the aqueous solutions, were optimised
before their redispersion in a suitable base fluid (water in this particular case). The
possible interaction(s) between different types of particle morphology and complexity of
their size-distribution were considered for their role in enhancing the heat transfer
dynamics of the resulting working fluids. To further validate the thermophysical
characterisation of the nanofluids developed, their thermal conductivity was measured
using a transient hot-wire technique. The photothermal conversion efficiency of the
working fluids was evaluated within a stationary STC system, under a standardised
AM1.5G weighted spectrum to access the fluid’s suitability for solar thermal applications.
1.9.3

Photovoltaic-thermal
From the series of organic and organometallic ligands catalogued in 1.8.1., several

ligands were selected to be explored for their role in liquid spectral beam splitting agents
in a combined heat and power hybrid-system. The structure’s molecular scaffolding offers
an abundance of desirable physical features for further developing the SBS-PVT
applications including: (1) thermal stability up to ~200 0C; (2) readily modified
photophysical properties through simple substitution(s) with alternate functional
moieties; (3) controllable photoluminescence; (4) non-corrosivity; and (5) ability to be
derived from a cost-effective, scalable one-pot synthesis method that offers a substantially
lower environmental impact than what is typically encountered throughout the fabrication
of conventional nanofluids. The range of working fluid candidates employed represented
structures which favoured radiative decay pathways as well as non-radiative transitions.
The basis of this strategy lies in trying to identify whether radiative transitions could be
leveraged to minimise the electrical power sacrificed through the inclusion of the thermal
element or whether their non-radiative counterparts should be further exploited to
substantially enhance the thermal energy captured within a hybrid design. The interplay
between the absorption and emission band of each chelating ligands, optical
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transmittance, and contribution towards enhancing the heat transfer dynamics of an
ethylene glycol-based working fluid, on maximising the collective (thermal and
electrical) power efficiency of a hybrid SBS-PVT system was evaluated. However, not
only is the net conversion efficiency of a hybrid device design important, but also the
economic viability of the configuration, and this is considered throughout the evaluation
of the SBS-PVT configuration proposed herein through the adoption of a merit function.
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Chapter 2
Experimental Techniques and Instrumentation
2.1

Introduction
The focus of this chapter will be a discussion of the experimental and analytical

methods & techniques implemented throughout this research. A series of spectroscopic
techniques were employed to assess the impact of the substituent moiety, introduced into
a phenanthroline based conjugated system, on the photoluminescent properties of the
resulting structures. The identified optimal conjugated structures were subsequently
loaded into a highly versatile polymer host material, and the resulting film’s optical,
topological and photostability further explored for their role in spectral conversion
applications. The optimised structures were subsequentially deployed on a commercial
silicon based photovoltaic technology, and the electrical performance of the downshifting devices evaluated under standard testing conditions. The impact of additional
design considerations, including the exploitation of the enhanced near-field
characteristics generated close to a metallic nanostructure as well as added thin-film
components to minimise the reflections losses within the system were also investigated.
The instruments used, their features, and any consideration or revision to outstanding
methodologies adopted throughout the study are discussed below. In later chapters, the
role of the methods and techniques outlined herein will be further expanded upon, in terms
of the materials utilised and system parameters employed.
2.2 Spectroscopic Characterisation
2.2.1 Electronic Spectroscopy
2.2.1.1 Absorption Spectroscopy
Absorption represents one of the most fundamental forms of light-matter
interaction and stands as the basis of absorption spectroscopy, which remains one of the
most advantageous and well explored material characterisation techniques available [1,
2]. Underpinning the quantitative aspect of absorption spectroscopy is the application of
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the well-known Beer-Lambert law, which relates the transmittance (T) through a given
material of known concentration (c) and thickness (L), to the optical properties of the
absorbing material:
𝐼

𝑇 = 𝐼 = 10−𝛼𝐿 = 10−(𝜀𝑀 𝑐)𝐿
𝑜

(2.1)

where transmittance is defined as the ratio of the transmitted light intensity (I) to the
intensity of the incident light (Io), and the properties of the absorbing material are
conveyed through its wavelength specific absorption coefficient (α), which can
alternatively be expressed in terms of molar absorptivity (ϵM) depending upon the nature
of the analysis being carried out. The measured transmittance, in turn gives the
corresponding absorbance (A) according to:
𝐼

𝐴 = − log10 (𝐼 )
𝑜

(2.2)

This implies that the absorbance becomes linear in response to the concentration
of the absorbing species present, provided there are no chemical or physical alterations
within the medium [1, 2]. However, this linear relationship only holds true for absorbance
values less than two, as under these conditions ~100% of the light is being absorbed
within the sample.
The absorption spectra of the materials characterised throughout this study were
recorded using a Perkin Elmer Lambda 900 UV/VIS/NIR spectrometer, shown in figure
2.1. The Lambda 900 is a double beam spectrometer, allowing the absorbance (A) to be
measured at a specific wavelength, for both the reference and sample material
simultaneously. The reference material should be identical to the sample in every aspect,
except for the absence of the absorbing species being considered. The device uses a
combination of a tungsten-halogen and deuterium lamps to provide illumination over the
170 nm - 3300 nm wavelength range (figure 2.1 d). The Lambda 900 allows the
conventional sample compartment shown in figure 2.1 b to be replaced by an alternative
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integrating sphere compartment (figure 2.1 c), which aids in the analysis of samples which
are prone to producing a large degree of scattering, e.g. colloidal dispersions, nanofluids,
fine particulate suspensions or thin films polymer samples such as those encountered in
spectral conversion applications. The integrating sphere capturing light, previously lost
through the excessive scattering encountered in these types of samples, through the highly
reflective coating on the inside surface of the sphere (figure 2.1 e).

Figure 2.1: (a) Perkin Elmer Lambda 900 UV/VIS/NIR spectrometer with (b) standard sample
compartment and (c) integrating sphere compartment and the accompanying schematics of each
compartment type (d – standard sample compartment & e – integrating sphere compartment): the optical
components within each highlighted
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2.2.1.2 Derivative spectroscopy
UV-VIS absorption spectra typically consist of broad absorption bands, with the
particular wavelength region at which they occur providing information about the
presence of certain chromophores such as organic dyes, quantum dots, or coordination
complexes. However, given the subtle variability in a chromophore’s absorption
characteristics when exposed to fluctuations within its molecular environment (pH,
temperature, as well as the physical properties of the solvent), the broad absorption bands
registered through conventional UV-VIS spectroscopy often provide very little
qualitative information about these types of interactions. Consequently, the narrow
absorption bands, often introduced into a conjugated system through chemical and
physical alterations made to the molecule’s structure can go unresolved. Alongside the
dramatic improvements in the resolution and precision of modern instrumentation, the
simultaneous development of analytical techniques has synergistically enhanced the
resolution of these systems through a purely mathematical approach [2-6].

Figure 2.2: (a) Unprocessed broadband absorption spectra of a silver colloidal solution (b) baseline
identification (i.e. noise floor) and its subsequent subtraction (c) and the corresponding 2 nd order (𝛿 2 𝐴/dλ2)
derivative spectra of the baseline corrected absorption spectrum showing in (c) indicating the presence of
three distinctive components at ~345nm. ~410nm and ~545nm
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The premise of this technique lies in the effective differentiation of the raw
unprocessed spectral information captured with the derivative simply taken as the rate of
change in the absorbance (δA) with respect the accompanying change in wavelength (δλ).
The order of the derivative taken (1st order, 2nd order, 3rd order….) is flexible within the
technique, with higher orders typically avoided due to the complexity of the resulting
spectrum as well as the inherent loss of information introduced through over-processing
the raw data [1, 4, 6]. The application of this technique is illustrated in figure 2.2, which
shows a broad band before, and after a 2nd order derivative has been implemented, with
the peaks resolved in the derivative spectra corresponding to the presence of multiple
different species. Throughout this study, a 2nd order derivative was adopted when
analysing and fitting raw unprocessed spectral data generated by both the Perkin Elmer
Lambda 900 UV/VIS/NIR spectrometer and a Malvern Nano series ZS Zetasizer.
2.2.1.3 Deconvolution
Further expanding upon the enhanced capability to distinguish between
overlapping spectral features and the improvement in quantitative analysis offered by
derivative spectroscopy is the computer-aided ‘deconvolution’ procedure. This powerful
technique, allows for not only the key spectral contributions to be resolved, but also their
corresponding spectral area to be estimated, and utilised to monitor the growth or decay
of specific spectral contributions in response to environmental constraints including UVirradiation, temperature, and pH, as well as the effects of the solvent on the analyte
molecule’s molecular structure [4, 7-10]. This overarching analytical framework consists
of several stages, with a general overview of the approach shown in figure 2.3,
highlighting the individual stages involved and the order in which they are applied.
Typically, the technique involves an initial smoothing and/or filtering of the
unprocessed spectrum, to reduce the levels of noise present. This in conjunction with the
application of a baseline correction (figure 2.2 b) removes any inherent background noise
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Figure 2.3: Schematic overview of the spectral ‘deconvolution’ technique as it is applied to UV-VIS
spectra: highlighting the individual stages as well as some of the controlled variables associated within each
stage. The entire process entails (1) smoothing of the unprocessed spectral information via a Fourier
transform or polynomial based smoothing protocol followed by the application of a (2) baseline correction
– further removing any noise inherent in the signal. (3) Performing a 2nd order derivative of the ‘smoothed’
spectrum to identify the number of individual spectral contributions and their corresponding wavelengths.
(4) Constructing a simulated spectrum using a Gaussian function to represent each spectral component,
adjusting their individual parameters (λ, band width as well as the integrated area) until the simulated
spectrum matches the original ‘smoothed’ spectrum within the tolerance criteria established.

in the signal, which could otherwise lead to the introduction of artefacts during the
spectral-fitting stage, later in the protocol. The subsequent stage involves an estimation
of the number of overlapping bands present within the spectrum, and this is facilitated by
performing the 2nd derivative of the spectrum (figure 2.3). The original spectrum is then
recreated using approximation functions (Gaussian, Lorentzian or a mixture of the two)
which attempt to recreate the spectral shape attributed to the electronic band structure
registered through a substance’s absorption spectrum [1, 4, 6]. Given the implicit random
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distribution of vibrational energy levels in an absorption band, the Gaussian function is
most widely attributed to the accurate fitting of UV-VIS absorption spectra [4]. The
contribution of the individual bands (wavelength, intensity, bandwidth, and the
corresponding integrated area) constructing a ‘simulated’ spectrum is then continuously
adjusted until the difference between this ‘simulated’ spectrum and the measured
spectrum, exceeds the curve fitting criterion required. The bands within such a system
must conform to a few basic requirements, in order to ensure the information extracted is
indeed valid and they are as follows:
▪

The number of overlapping bands used must be determined via one of the
following methods; derivative spectroscopy [2, 4, 6], spectral stripping [11, 12]
or spectral deconvolution [13, 14].

▪

The minimal number of component bands must be used reach the confidence
interval required.

▪

Contributions of negative amplitude are not considered, as they are not physically
viable solutions.

▪

Adoption of a strict confidence interval (> 95%) when optimising the leastsquares procedure, which is used to re-evaluate the simulated spectrum ‘quality
of fit’ [4, 6].

2.2.2

Fluorescent emission spectroscopy
How a molecule dissipates absorbed energy via radiative processes such as

photoluminescence reveals structural information about its internal molecular structure
as well as its vibrational energy conformation. The highly sensitive nature of the emission
process means that it can be used to probe the impact of specific structural alterations on
the internal energy dynamics of a luminescent species (fluorescent ligand, quantum dot,
or a coordination complex). Coupled with the susceptibility of the conversion
mechanisms available (internal systems crossing, internal conversion, fluorescence and
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phosphorescence) toward the physical and chemical properties of the surrounding
medium, makes emission spectroscopy a powerful tool for sensing subtle deviations in
the environment surrounding a molecular species.
2.2.2.1 Liquid samples
The luminescent spectra for all of the liquid-based samples studied, including the
organic and the organometallic fluorescent candidates were recorded using a Perkin
Elmer LS 55 luminescent spectrometer (shown in figure 2.4 a). A pulsed xenon discharge
lamp acts as the excitation source to provide constant illumination over the 200 nm – 800
nm range. Two Monk-Gillieson-type monochromators provide the wavelength
selectivity, which enables the excitation and emission spectra from a sample to be scanned
over the 200 nm – 800 nm and 200 nm – 900 nm ranges, respectively (figure 2.4 c). The
excitation and emission collection ports are located at 900 with respect to each other, to
avoid potential light contamination occurring from stray light generated within the
system. The excitation (dex) and emission (dem) slit widths are controllable, offering a
spectral resolution range of 2.5 nm – 15 nm depending upon the measurement
requirements and/or the sample configuration. The variations within the spectral
irradiance produced by the Xenon discharge lamp (figure 2.4 d) are automatically
corrected.

The instrument facilitates two types of measurement; (1) keeping the

excitation wavelength constant while monitoring the emission spectrum – the classical
emission spectrum or alternatively (2) keeping the emission wavelength constant while
altering the excitation wavelength through a series of different values (an excitation
spectrum).
2.2.2.2 Solid samples
The AvaSpec-2048 fibre optic based set-up sown in figure 2.5 was used to
measure the emission spectrum of the diverse range of solid sample types encountered
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throughout this study. This included the organic and organometallic based luminescent
down-shifting layers. Light from a GRIVEN 1200 MSR metal-halide discharge lamp

Figure 2.4: (a) Perkin Elmer LS55 luminescent spectrometer and conventional sample holder compartment
(b). (c) The accompanying schematic highlighting the operating principle of the spectrometer, showing the
selection of a narrowband of light, used to excite a liquid sample, and the subsequent screening of the
emission spectrum prior to the application of a correction for the lamps varying spectral irradiance (d).

provided the high intensity excitation power required to excite and produce an appreciable

signal within the spectrometer. A band-pass filter was used to produce light in wavelength
region (380 nm ± 10 nm), within the absorption band of the fluorescent species
categorized herein, with the light transmitted through the filter coupled into a fibre optic
cable using a collimating lens as shown in figure 2.5. The coupled light is subsequently
guided into an integrating sphere in which the sample is mounted on a highly reflective
surface in order to reflection minimise losses within the system.
The accumulated spectrum, containing elements of scattering, excitation,
reflection, and emission was coupled via an additional optical fibre directly into the
AvaSpec-2048 spectrometer. The capability to adjust the integration time from one
millisecond to ten seconds allowed for the detection of very low intensity signals, like
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those typically encountered in thin or ultrathin fluorescent polymer-composite systems.
A spectral correction, to transform the emission spectra captured into natural units of
spectral irradiance, was applied through the implementation of a Bentham CL6 halogen
standard. This translated spectral information was later used to optimise the loading
concentration of the optimal photoluminescent candidates identified (organic and
organometallic based) within the polymer matrix of choice – PMMA. This set-up was
also used in the determination of the photoluminescent quantum yield (PLQY*) of the
fluorescent candidates, once embedded within their respective host media. The
measurement specific parameters involved for each type of measurement will be further
expanded upon in the later sections of this chapter.

Figure 2.5: Schematic of the experimental set-up used to measure the emission spectrum of all solid sample
types prepared: highlighting each of the individual components as well as the physical principle of operation
occurring within the integrating sphere

2.2.3

Luminescent quantum yield
Determination of the fluorescent quantum yield of a fluorophore offers one of the

only methods capable of directly measuring the structures capability to convert the
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absorbed light into emitted light. The highly sensitive nature of the decay processes,
facilitated through a fluorophores physiochemical structure, to the prevailing conditions
within their surrounding environment becomes further manifest through this quantitative
measurement. Thereby allowing the impact of subtle refinements in the host material, or
the interaction between two different species (fluorophore and nanoparticle), on the
energy transfer dynamics of the fluorophore to be more resolutely provided. The resulting
information helping to refine an LDS or PLDS devices design from early on during the
design process, minimising potential losses arising from a mismatch in material selection.
The fluorescent quantum yield of transparent samples such as solutions containing
molecular fluorophores, or the semi-transparent host materials encountered throughout
LDS and other assorted spectral conversion applications can be determined via two
alternative approaches: (1) a relative method and (2) an absolute method. The main
difference between these two approaches lies in the requirement for a fluorescent standard
of known quantum yield, which also possesses stable optical properties in the
solvent/matrix of choice for the relative type measurement. Another divergence between
both approaches is their capability to handle different sample types. For example, samples
producing significant scattering, some of which may be lost within the conventional
spectrometers used in the relative method, require a more practical absolute methodology.
The absolute methodologies centre around performing a series of photonic measurements
within a calibrated integrating sphere set-up, like that shown in figure 2.5.
2.2.3.1 Relative method
For a typical relative measurement, the comparative method [15-18] was
implemented using a combination of three independent fluorescent standards: harmane
(figure 2.6 – a & b- purple, dissolved in toluene), harmine (figure 2.6 – a & b – green –
dissolved in toluene) and quinine sulphate (figure 2.6 – a & b – orange – dissolved in 0.1
M H2SO4). Three independent standards were used in order to ensure the viability and
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validity of the method when applied across the wide range of fluorescent candidates
explored throughout this study [18-20]. The choice of the standard materials employed
was based upon the guidelines and suggested standards outlined in the different reviews
conducted by the International Union of Pure and Applied Chemistry (IUPAC) [19, 21].
Through the careful selection of the excitation wavelength, the influence of the excitation
source (inner-filter effects) on the emission spectra resolved and hence resulting LQY
determined were minimised [18]. The excitation wavelength (λE) of 380 nm provided the
optimal spectral region, across both the standard(s) utilised as well as the catalogue of
materials under investigation, in terms of its occurrence in a relatively flat region of the
absorption band [18]. A typical measurement for an unknown material was conducted
through the successive steps outlined below:
1. A small amount of the material under consideration (~50 mg) was dissolved in 2
ml of a suitable solvent, forming a stock solution of known molarity (~ 1.25 x104

M). DMSO was used as solvent. The solution was shaken vigorously using a

Vortex mixer before being transferred into an oven set to a temperature of 1000C
to enhance any partial solubility that may have arisen. The solution was removed
after 15 minutes and allowed to reach room temperature before spectroscopic
measurements were carried out.
2. One millilitre of the stock solution was transferred into a 10 mm path-length
quartz cuvette and the absorption and corresponding emission spectra recorded
using the Perkin Elmer Lambda 900 UV/VIS/NIR spectrometer and Perkin Elmer
LS-55 spectrophotometer, respectively. The measurement parameters (excitation
and emission slit widths, PMT accelerating voltage etc.) were kept constant.
3. The original solution was then serially diluted, adopting a dilution factor of 2,

until the absorption at the excitation wavelength selected (380 nm) had reached
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~0.1 A.U., taking care to ensure the material’s response followed the well-known
Beer-Lambert relationship (figure 2.6 c – inset). Any deviation from this response
was indicative of chemical (dissociation) or physical (aggregation) changes
ongoing within the solution. The same process was repeated for each of the
fluorescent standards employed - for example the absorption and emission
response of Quinine sulphate is presented in figure 2.6 c and figure 2.6 d,
respectively.
4. Finally, the emission spectra registered at each concentration were integrated and
the corresponding rate of total emission intensity variation with peak absorbance,
at the excitation wavelength (380 nm), determined (figure 2.6 e). The difference
between the rate of change of the integrated emission intensity vs. absorption
between the material under consideration and the fluorescent standard(s) utilised
(figure 2.6 e) is used to determine the LQY [18, 20, 22, 23] according to:
2
𝑆𝑥
𝑛
)( 𝑥 )
𝑆𝑆𝑇
𝑛𝑆𝑇

𝐿𝑄𝑌𝑥 = 𝐿𝑄𝑌𝑆𝑇 (

(2.3)

where LQY represents the fluorescent quantum yield, 𝑛 is the refractive index of the
solvent utilised, and 𝑆 is the gradient of the integrated emission response curve
(determined as a function of peak absorbance at the excitation wavelength (figure 2.6 e)).
The subscripts x and ST denote the material under evaluation and the fluorescent
standard, respectively. The abbreviation LQY will subsequently be adopted when
specifically referring to a material’s fluorescent quantum yield in liquid form, this being
to avoid confusion when discussing the results of the alternative absolute method. All
measurements were repeated independently in triplicate with the following strict
confidence criteria established throughout the measurement [18, 20, 22, 23]:
▪

Absorption at the excitation wavelength ≤ 0.1 A.U. using 10 mm path-length
cuvettes.
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▪

A 95% or greater confidence interval on all fit criteria.

▪

A maximum allowable tolerance level of ~10% on the standard deviation across
the trio of measurements.

▪

The most up to date value of the standard materials LQY used.

2.2.3.2 Absolute method
Measurement of the absolute fluorescent quantum yield across the different types
of solids samples encountered throughout this research was performed using the
calibrated set-up outlined in section 2.2.2.2. Samples were typically prepared through the
careful removal of a section of the layer (0.025 m x 0.01 m), from the substrate using a
scalpel, in order to minimise any influence that may arise due to multiple reflections from
the front surface of the substrate. A comparable excitation wavelength of 380 ± 10 nm
was adopted throughout the study, as it was similar to the excitation wavelength during
the use of the relative method and corresponded to a spectral region of low absorbance.
Thereby the inner filter effects typically encountered in integrating spheres were
minimised [18]. A typical measurement for an unknown material was carried out using
the following steps:
1. An initial adjustment of the measurement parameters available was initiated until
the excitation peak registered was maximised within the linear range of the
detector. This was completed using a sample fabricated under the same conditions
as those used to deposit the layers containing the fluorophore (under evaluation)
and was of the same thickness and material properties. This sample is often
referred to as the ‘blank’.
2. A series of spectra spanning the 200 nm – 1100 nm range were recorded for both
the ‘blank’ and the sample , ensuring that an adequate number of scans (~10) was
made across each sample’s surface in order to account for local deviations within
the layers optical properties and corresponding thickness.
69

Figure 2.6: Normalised absorption (a) and emission (b) spectra of the fluorescent standards utilised
throughout the study: Harmane (purple), Harmine (green) and Quinine Sulphate (orange). The absorption
and emission spectra of one of the material candidates – P282 (cyan) is also shown for comparison. The
variation in the absorption (c) and emission (d) intensity of Quinine Sulphate in 0.1M H 2SO4 as the
concentration is varied from 1.25x10 -4 M to 1.55x10-6 M: the insets in each highlighting the adherence to
the Beer Lambert law (c) as well as the linear dependence of the integrated emission spectra within a
specific concentration range (d). (e) The rate of change in the integrated fluorescent intensity of each of the
fluorescent standards as a function of the absorbance at the excitation wavelength (380 ± 2.5 nm): the fit
criterion for each material also displayed
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3. The measured spectra were converted to their respective photon flux (F)
equivalents, through the application of the calibration derived from the Bentham
CL 6 – see figure 2.7 for an example of the spectra acquired.

Figure 2.7: Example of the signals of an absolute quantum yield measurement for the sample (LDS – solid
black line) and the blank (Blank polymer – dotted black line). The example shows the position of the
separation between the excitation and emission, the latter whose spectral profile is enlarged within the inset
for further comparison

4. The photon flux absorbed by the embedded fluorophore (Fabs) was determined according
to:
𝐹𝑎𝑏𝑠 = ∫𝜆 𝐹𝑏 (𝜆𝑒𝑥 ) − 𝐹𝑥 (𝜆𝑒𝑥 ) 𝑑𝜆𝑒𝑥
𝑒𝑥

(2.4)

where Fb and Fx represent the photon flux of the ‘blank’ and sample under
consideration, respectively, and the limits of the integration are determined by the
excitation bandwidth of light (λex) used to excite the sample. For example, in
figure 2.7 this integration was performed over the 375 nm – 385 nm wavelength
range.
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5. The photon flux emitted from the sample (Femi) was determined according to:
𝐹𝑒𝑚𝑖 = ∫𝜆 𝐹𝑥 (𝜆𝑒𝑚𝑖 ) − 𝐹𝑏 (𝜆𝑒𝑚𝑖 ) 𝑑𝜆𝑒𝑚𝑖
𝑒𝑚

(2.5)

where Fb and Fx are as in 4 above and with the integration now performed over
the emission range of the sample (λemi). For example, with reference to the inset
in figure 2.7 the limits of the integration in this example were 400 nm and 600
nm.
6. Finally, the resulting fluorescent quantum yield of the material (*PLQY) was
subsequently calculated using the values obtained through expressions 2.4 and
2.5:
𝑃𝐿𝑄𝑌 =

𝐹𝑒𝑚𝑖
𝐹𝑎𝑏𝑠

(2.6)

Depending upon the properties of the material, the PLQY can become highly
susceptible to concentration dependent effects such as self-absorption or fluorescent
quenching [18, 22]. Given the overlap that typically exists for most classical luminescent
materials between the absorption and emission bands, there is a high probability that the
photons emitted can become re-absorbed within the sample and accompanied by an
apparent reduction in the measured PLQY. This is routinely identified through the onset
of deviations within the material’s unique emission spectrum as the loading concentration
is increased, specifically the occurrence of a distinguished red-shift [24]. It is possible to
account for these effects through the determination of the self-absorption coefficient for
each individual concentration employed [24]. Such approaches were not employed
throughout this study.
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*The PLQY acronym is chosen to avoid confusion when comparing the results discovered through the
application of the alternative relative method discussed previously.

2.3

Reflection spectroscopy

Reflection measurements were carried out using the simple reflection spectroscopy setup outlined in figure 2.8. The reflectance spectra measured served as a comparative, to
ensure the accuracy and reliability of the spectra derived through the transfer matrix
models predictive capabilities. Light generated by an Ocean Optics deuterium-hydrogen
(DH-2000-BAL) lamp, coupled via a high sensitivity 600 μm thick reflectance probe,
provided the illumination for the sample. The sample was housed within the Ocean Optics
RPH-1 reflectance holder, with all of the measurements carried out under normal
incidence conditions. The light reflected from the sample was coupled into a sensitive
Ocean Optics Flame UV/VIS/NIR miniature spectrometer, via an accompanying
connection provided by the reflectance probe. The system was calibrated using an Ocean
Optics WS-1 diffuse reflectance standard, with a series of independent measurements
(~10 - 15) performed across each sample surface to ensure any variability in the samples
thickness and/or the uniformity of the fluorophore dispersed throughout was accurately
reflected in the spectra acquired.
2.4 Dynamic Light Scattering & Zeta Potential
2.4.1 Dynamic Light Scattering
Dynamic light scattering (DLS), also referred to as photon-correlation
spectroscopy, is a highly versatile technique which offers the capability to study the insitu size, size-distribution, molecular weight, and in some cases the range of particle
morphologies present within a solution. The technique relies upon the characteristic
behaviour exhibited by sub-micrometre sized particles suspended within a fluid of known
viscosity and temperature as the particles continuously undergo Brownian motion. This,
in conjunction with the characteristic interference pattern produced when monochromatic
light interacts with the particle, creates a cascade of scattering events, whose contributions
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Figure 2.8: Schematic of the reflection spectroscopy set-up used throughout the optical characterisation of
solid samples, as well assisting in the evaluation and revision of the mathematical model developed: with
all the individual components highlighted

directly derive from the distinct location and size of the particles within the solution at
any given instant: an example of such a pattern is showcased in figure 2.9 a. This signature
speckle interference pattern fluctuates as the particles traverse throughout the liquid
undergoing a continuous bombardment from the solvent molecules present. The
modulations within the signal, monitored on a pixel-by-pixel basis within the detector,
exhibit a characteristic rate of decline in intensity, with the rate of decline signifying the
particle size [25-28]. This aspect of the signal is expressed through the time-based
correlation function, which is rapidly calculated in real time through the computercontrolled element called a correlator, see figure 2.9 a. Monitoring the subtle changes
ongoing within the interference pattern registered by the detector, over an extended period
allows the particle size-distribution to be derived through the application of the wellknown Stokes-Einstein relation:
𝑘 T

𝑏
𝐷 = 6𝜋η𝑅
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(2.7)

Where kb is the Boltzmann constant, T is the absolute temperature of the fluid, η is the
viscosity of the medium (typically taken to be the solvent used), R is the hydrodynamic
radius of the particle and D is the translational diffusion coefficient, which was derived
through the analysis of the variability in the interference pattern produced [25-28]. Hence,
for a broad distribution of particles sizes, a range of diffusion coefficient values is
determined and revealed. The information captured, is classically represented within a
size-distribution plot weighted in terms of the intensity contribution derived across each
size grouping; an example of such a distribution is presented in figure 2.9 a (sizedistribution -black line).
However, this information can be transformed to accommodate other type of
weighting distributions, including according to the ‘number of particles’ and ‘particle
volume’. An example of the transformation of the information contained within an
intensity-weighted plot (figure 2.9 a – black line) to one weighted in terms of the ‘number
of particles’ is provided in figure 2.9 a (red line) for comparison. As no single method
can produce a fully reliable and valid set of information concerning the photophysical
properties of a sample, the DLS technique is typically utilised in conjunction with other
techniques, including scanning electron microscopy or tunnelling electron microscopy.
The particle size-distribution and polydispersity index (PDI) and the colloidal dispersions
encountered were measured using a Malvern Nano series ZS Zetasizer (Malvern
Instruments Ltd, Malvern, United Kingdom). The PDI is a measure of how narrow or
broad the overall size-distribution is. A PDI above 0.7 is considered inadequate for DLS
analysis [27].

Hydrodynamic size measurements were performed in poly-methyl-

methacrylate cuvettes at a temperature of 25 °C using a He-Ne Laser (λ = 633 nm) with
a detector angle of 173°.
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Figure 2.9: (a) Schematic overview of the dynamic light scattering (DLS) technique, including all of the
individual processing procedures involved as well as (b & c) the accompanying measurement principle
behind the zeta potential, often used to quantify a dispersed solutions long-term stability

2.4.2

Zeta Potential
Alongside the recent advancements within synthetic chemistry has come the

ability to tune the optoelectronic properties of materials on the nanoscale, via a plethora
of readily available synthesis routes. The unique optical and electrical properties
exhibited by these nanomaterials is a direct by-product of their size and shape, with these
properties refined through exercising extreme control of the synthesis parameters
available. At the small size-regime encountered throughout the preparation of
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nanoparticles or similar sized particle-dispersions (nanometre-sized particles dispersed
throughout a fluid), the large surface area of the particles begins to dominate the
interactions between the nanoparticles and any additional chemical species present. Each
particle experiences a torrent of attractive and repulsive forces as it traverses throughout
the fluid by way of Brownian motion. The delicate balancing act ongoing within a
dispersion between these long-range attractive forces (typically, London - van der Waals)
and repulsive forces (e.g. steric interactions) determines the tendency of the nanoparticles
to clump together via a process called agglomeration or the capability of the fluid to
remain relatively stable [29, 30].
Typically, the attractive molecular forces are more energetically favourable and
hence, over time, the particles within a two-phase fluid coalesce, forming larger and larger
aggregates, and destabilising the dispersion as the process continues. The susceptibility
of particle-dispersions to tend towards favouring particle-agglomeration as a means of
reducing their surface energy can be controlled through modifications in the
nanoparticle’s surface chemistry [29, 30]. The addition of surfactants or stabilising agents
during the preparation of the nanoparticles offers one of the most simple and costeffective routes for preparing stable particle-dispersions [29, 30]. A stabilising agent,
consisting of a polymeric hydrocarbon containing hydrophobic and hydrophilic elements
at opposite ends of the molecule, selectively binds to the surface of the nanoparticles
altering the repulsive forces existing between neighbouring particles within the
dispersion. The stability of a dispersion, in response to changes within its surrounding
environment or chemical revisions adopted at the synthesis stage, was ascertained through
monitoring the characteristic absorption spectra derived within a conventional UV-VISNIR spectrometer over prolonged periods of time [29, 30]. Subtle deviations within the
absorption spectra give indications of the struggle ongoing between the competing forces.
Developed as a rapid and efficient alternative, the zeta potential measurement provides a
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single snapshot from which a dispersion’s stability can be determined without the need
for repeating measurements over prolonged periods [29, 30].
The measurement principle revolves around the application of a fixed potential
across the solution (shown in figure 2.9 b) with the externally applied potential driving a
rearrangement of the charge distribution within the solution. Eventually, to neutralize the
surface charges accumulated across the nanoparticle surface, counter-ions, freely
available within the medium, begin to form an immovable layer around each nanoparticle
called the Stern layer – see figure 2.9 c. Although there exists a strong coupling between
the counter ions and their surface charge equivalents, now accommodated within the Stern
layer, a weak electrostatic force is still felt by neighbouring ions and counter-ions alike,
both of which are freely available within the dispersion. As more ions begin to attach to
the nanoparticles, in an attempt to counteract the remaining surface charges, a secondary
more diffuse layer is created around the Stern layer, whereby ions and counter-ions from
within the bulk fluid can continuously migrate into and out of this diffusion region
(slipping plane) as shown in figure 2.9 c. The potential that exists along this slipping plane
boundary is called the zeta potential (Z), and its magnitude i.e. the cumulative charge
built up in the response to the externally applied potential, provides the qualitative
information regarding the particle’s stability [30].
Given the non-monomodal nature of most fabricated dispersions, there exists a
distribution of zeta potentials whose peak magnitude and corresponding distribution
reveal the cumulative effect of the electrostatic interactions unfolding within the particle
ensemble. The larger the magnitude of the Zeta potential, the more particles within the
solution are undergoing electrostatic repulsion amongst themselves, prolonging the
occurrence of the aggregation process. Peak values of approximately ± ≥ 30 mV are
considered highly stable [30].
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2.5

Scanning Electron Microscopy
Focusing a beam of high energy electrons towards a sample surface and analysing

the characteristics of the secondary electrons, backscattered electrons, and distinct x-rays
subsequently produced through the electron-sample interactions, forms the basis of
scanning electron microscopy (SEM). Electrons generated within the tip of the electron
gun – shown in figure 2.10 a, are rapidly accelerated towards a sample, due to the potential
bias established between the sample and the electron source, with the magnitude of the
applied potential controlling the penetration depth within the sample. Electromagnetic
optical components like those shown in figure 2.10 a (condenser lens, objective aperture
as well as the objective lens) are used to help collimate and adjust the spot size of the
electron beam, to provide the desired degree of spatial resolution.

Figure 2.10: (a) Schematic of a generic scanning electron microscope (SEM) including all the key
components, and the accompanying combination of SEM devices (b - Hitachi SU 6600 field emission
scanning electron microscope (FESEM) and c - Hitachi SU 70 Analytical FESEM) used throughout this
research.
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SEM was primarily used in this work to probe the impact of key synthesis parameters,
such as the concentration of the reagents utilised throughout the synthesis of Ag
Nanoparticles (see chapter 3), on the resulting structure’s optical and morphological
properties. The technique was also deployed, in conjunction with DLS (section 2.4) to
develop an accurate representation of the nanoparticle population complexity (particle
size, size-distribution, and the existence of different anisotropic particle morphologies) in
response to the synthesis configuration and surrounding environment conditions, e.g. resuspension or polymer encapsulation.
2.6

White light interferometry
White light interferometry (WLI) is a well-developed and extremely powerful

measurement tool, frequently utilised to rapidly analyse the surface topography of an
object over a large area or alternatively perform a high-resolution thickness measurement
[34, 35]. The interferometer’s design (shown in figure 2.11) is basically that of a
Michelson Interferometer. Light, from a broadband light source is split along two
different optical paths within the system – see figure 2.11 a; one of the paths contains a
reference mirror (shown in red) and the other incident upon the surface of the sample.
The additional phase accumulated through the beam’s interaction (figure 2.11 b) with the
sample is effectively coupled into the light returning to the CCD detector yielding a
characteristic interference pattern. The result is a measurement area (82 µm × 62 µm 264 µm x 200 µm), that can be accurately mapped in detail to deliver topographical
information about the surface features existing on a test sample. For performing a highresolution thickness measurement, the sample, if bound to a substrate (which is common
throughout the fabrication of polymers), is carefully perforated at different locations
along its surface. The corresponding divergence between the interference pattern
registered along the substrate and at the different locations scattered across the layer
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provide an accurate estimation of the layer’s thickness as well as its overall surface
roughness. WLI measurements were carried out using a MicroXAM white light
interferometer and were used in this study to determine the thickness of the various
structures deposited (LDS, as well as the ARC’s studied), while also aiding in the
corroboration of the thickness profiles used to validate the TMM model, as outlined in
chapter 6.

Figure 2.11: (a) Optical schematic of a white light interferometer, used to analyse the fine structure of a
test samples surface: highlighting each of the primary components within the devices design. (b) the
interaction scheme of light within the bottom part of the interferometer, Whereby the additional phase
component introduced into the beam, through the interaction of light with the samples surface (represented
in red arrows) is coupled back through the beam splitter and combined with the reference beam (represented
in black arrows) before being subjected back into the remainder of the system.
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2.7

Stylus Profilometry
An alternative contact-based approach to analysing the surface properties of a

material is the classical stylus based profilometer shown in figure 2.12. The stylus
profilometer works through bringing an extremely sharp tip (“stylus”), frequently
composed of diamond, ruby or sapphire, directly into contact with the sample surface.
Manoeuvring the stylus across the surface of the sample, whilst monitoring the deviations
in its position by the surface topography, enables a two-dimensional image of the surface
to be reconstructed [34, 35]. The resolution of the images obtained are limited by the
physical dimensions of the stylus itself, which provides a filtered representation of the
surface rather than a true profile. The resolution provided is also a function of the type of
stylus implemented (composition and geometry) as well as the magnitude of the force
applied to drive the tip into direct contact with the surface [34, 35]. For “soft” samples
such as polymers the forces utilised can prove too great and they inevitably introduce a
degree of degradation into the sample during the analysis.

Figure 2.12: (a) Veeco Dektak 6M stylus profilometer and (b) accompanying schematic of a stylus based
profilometer and the measurement principle involved

82

In order to ensure the additional optical structures devised in chapter 6 were
accurately replicated in a modelling environment, simple AR coated structures were used
to verify the models’ output(s), with the samples physically characterised using a host of
different characterisation techniques. A Veeco Dektak 6M (shown in figure 2.12 a) was
utilised to provide a cross calibration of the thickness values provided by the WLI
technique outlined in section 2.7 specifically in the pursuit of accurate thickness values
for the structures utilised in the experimental validation of the model.
2.8

Q-SUN XE-3 xenon lamp chamber
In order to investigate whether the material solutions proposed, could withstand

the typically harsh environmental conditions encountered throughout the various solar
applications applicable to the technology (building integrated photovoltaics, combined
PVT systems or spectral beam splitting applications), their durability under similar
conditions were assessed. Accelerated ageing, carried out under a high intensity spectral
lamp, designed to replicate the spectral irradiance conditions found under a cloudless sky
in a mild summer climate, paves the way for rapidly assessing a photoactive material’s
longevity in a highly reproducible manner [36-38]. The Q-SUN XE-3 chamber, shown in
figure 2.13 a, is one such irradiator capable of subjecting the materials enclosed within
its test area (highlighted in figure 2.13 a) to spectral irradiation similar to that found within
warm & humid tropical climates south of the equator - see figure 3.13 c for examples
highlighted in red. The test chamber also facilitates the capability to simulate realistic
weather conditions including relative humidity, temperature, and moisture content.
Ideally, the three separate lamps adopted within the Q-SUNs design would allow for an
accurate replication of the entire solar spectrum; however, the materials utilised always
limit this from becoming a reality. Instead, most sources are calibrated at a single
wavelength (340 nm for the Q-SUN XE-3) and the rest of the lamp’s spectrum scaled
accordingly. The XE-3 model comes equipped with a series of built in filters, with the
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“daylight Q-filter” providing the best spectral match to that of a noon summer sun, see
figure 2.13 b for a comparison.

Figure 2.13: (a) Schematic of the Q-LABS Q-SUN XE-3 xenon test chamber highlighting the fundamental
internal components. (b) Comparison between the spectral irradiances achievable with the Q-SUN, when
adopting some of the different optical filters (‘daylight’ or ‘UVA’) available, as well as its correlation with
the natural irradiance conditions. (c) Global breakdown of the different climate regions (tropical– red,
subtropical – yellow, temperate– green, and polar & subpolar – cyan), which facilitated in the design of the
photo-stability trials conducted.

To pinpoint the locations and climates most feasible for integrating the
LDS/PLDS proposed devices, the photo-stability trails conducted were divided up into
two categories. (1) Those simulating a moderate European temperate climate – see the
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countries highlighted in green in figure 2.13 c, and (2) those simulating harsher more
tropical climate conditions – see the countries highlighted in red in figure 2.13 c. In the
temperate climate zones (Ireland, England, Germany and other European countries) an
irradiance of 0.30 - 0.35 W m-2 nm-1 at 340 nm is considered adequate [36]. Whereas in
the extreme tropical climates of, e.g., Florida, sub-Saharan Africa or northern Australia
an irradiance above 0.45 W m-2 nm-1 at 340 nm is commonplace for most of the year, and
throughout the entire duration of the daily light cycle [36].
To expand upon the divergence between the two simulated climate conditions the
irradiance values lying within the range identified to correspond to each specific climate
classification were taken to be the extreme case. This corresponded to an irradiance of
0.30 W m-2 nm-1 for temperate climates and an irradiance of 0.50 W m-2 nm-1 for tropical
climates at 340 nm, respectively. LDS layers used in this study were fabricated under the
conditions outlined in chapter 4 and embodied a wide range of loading concentrations
(0.007825 wt-% - 3 wt-%) to see if the degradative effects were indeed concentration
independent. The layers were subjected to the irradiance conditions outlined in
conjunction with an allowable temperature range: 15 0C – 25 0C for temperate climates
and 25 0C – 40 0C for the tropical climates. Regular spectroscopic evaluation of the
absorption spectra of the layers was carried out, until the resulting absorption spectra had
diminished, or the test had reached a specific period of exposure (~100 hrs). Given the
likely variation in the intensity producible across the XE-3 sample tray [39, 40], the
sample’s position on the tray was continuously rotated, upon the removal of the layers for
spectroscopic evaluation.
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2.9 Electrical characterisation
2.9.1 External Quantum Efficiency
One of the primary techniques used to determine the conversion efficiency of a
solar cell is the external quantum efficiency (EQE) measurement. The EQE,
characteristically defined as:
𝐸𝑄𝐸(𝜆) =

𝑛𝑢𝑏𝑚𝑒𝑟 𝑜𝑓 𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 (𝜆)
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 (𝜆)

(2.8)

and offers insights into the conversion processes and losses occurring within specific
wavelength ranges [41-45]. Contrasted with the traditional current-voltage (I-V)
relationship, from which the maximum power achievable is derived, and which can only
provide information regarding the collective behaviour of the cell across its complete
spectral response range [41, 42, 45]. Given the rich information retrieved from a sample
using the EQE measurement, commercial companies have begun offering stand-alone
single units capable of handling a diverse range of cell architectures including silicon
derivatives, cadmium telluride, perovskite, as well as other organic based technologies
[42, 45-47]. The instrument used in this work is a Rerea Solutions Ltd spec-quest solar
cell EQE measurement unit shown in figure 2.14 a. The unit combines all the required
components (calibrated illumination source, monochromator and lock-in amplifier) under
one external shell. A calibrated quartz-halogen lamp provides illumination over the 250
nm – 2500 nm range, with the lamps output stabilised via a dedicated current limited
power supply – see figure 2.14 b.
For a typical EQE measurement, the system was started and allowed 30 minutes
to reach a stable operating temperature before commencing any measurements. The
system was successively calibrated over the 250 nm – 1100 nm range using a calibrated
silicon photodiode (10 mm x 10 mm, NIST traceable) by determining its spectral response
as a function of wavelength, with an incident beam area of 2 mm2 narrowly focused on
the centre of the reference diode. The current collection device was AC coupled to
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discriminate the photocurrent generated within the photodetector from that produced
within the cell when under DC loading conditions, which occur throughout the
measurement process [45]. The reference diode was replaced with the sample, and the
process repeated using an average of five independent scans, taken from across its surface,
in order to account for any variations in performance stemming from the physical
properties of the fitted structures (LDS, PLDS, anti-reflective coatings, etc.).

Figure 2.14: (a) The Spec-Quest External Quantum Efficiency (EQE) solar measurement instrument from
Rera Solutions, with all of the key components highlighted. (b) Accompanying schematic outlining the
interplay between the components throughout the measurement.

2.9.2

Current-voltage (I-V) characterisation
The most fundamental solar cell characterisation technique is the measurement of

the cell’s efficiency under the standardised ASTM E1021-15 test conditions [48].
Considering the strenuous control required by a system in order to achieve and maintain
these operating conditions, most measurements are carried out under custom-made test
rigs that only roughly approximate these standardised conditions [45, 46, 49]. The
efficiencies reported utilising such a set-up serve to form an inter-comparison between
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the cells characterised under the exact same conditions (irradiance, intensity, temperature
and beam size). In this manner, the conversion efficiency of alternative cell designs
including LDS fitted devices are compared to the “bare” cell’s performance [46, 49-52].
The “bare” cell is an uncoated solar cell accompanied by a host layer (non-doped) of the
same thickness as that utilised within the spectral conversion device [46, 49-52]. This is
an adequate assertion, considering that PMMA and other semi-transparent polymers are
frequently used throughout the solar industry to form protective cover sheets for the
photovoltaic panels [53, 54]. The technique involves evaluating the junction’s
performance and quality under artificial loading conditions through alteration of the
potential applied across the cell. Monitoring the resulting photocurrent generated within
the cell, through the implementation of a suitable source meter such as that shown in
figure 2.15, enables the cells distinctive I-V response curve to be measured. The
performance metrics commonly used to convey the quality of a cell including maximum
power, fill factor and overall efficiency are derived from this curve [55].
For a typical measurement, spectral conversion devices (LDS) consisting of 2 cm
x 2 cm monocrystalline silicon solar cells (Solar Capture Technologies Ltd, England)
were fitted to glass substrates in order to ensure they remained completely flat throughout
the measurement. The substrates were then carefully placed within a makeshift sample
holder (shown in figure 2.15), which further secured the devices throughout the
measurement, whilst also ensuring that the diameter of the incident beam was maintained
at 10 mm. A Kiethley 2400 source meter was used to perform the measurements, with the
resulting I-V curve generated through a LabVIEW interface. A series of three independent
measurements were performed across the entirety of each device in order to ensure the
accuracy and validity of the measurement.
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Figure 2.15: Schematic of the set-up used to perform the characteristic current-voltage (I-V) measurement,
with all of the key components highlighted.

2.10 Transient Hot Wire Technique
To determine the thermal conductivity of the nanofluids and of the base fluid
(water in this case), the transient hot-wire technique was used as it is a rapid, costeffective, and widely accepted method applicable across a diverse range of fluids [56-61].
In this method a platinum wire is immersed in the sample fluid and it is used as both heat
source and temperature probe as the controlled transfer of heat through the wire is
initiated. As the temperature of the wire increases under ohmic heating, the heat transfer
mechanisms within the fluid begin to curtail the temperature instabilities arising within
the liquid. The rate of heating within the fluid can be directly related back to its
fundamental thermal properties [56-61]. Restricting the analysis to very short timeframes
limits the capability of natural convection to occur. The temperature variations
consequently arise solely from the conductive heat transfer within the fluid and allow for
the determination of the thermal conductivity of the liquid [56-61].
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In this experiment a platinum wire (diameter d = 10 µm and length L = 4 cm) was
secured into a plastic cell where the liquid is placed. The wire is connected to one arm of
a Wheatstone bridge circuit, as shown in Figure 2.16. This facilitates the arrangement of
a highly temperature-sensitive circuit whose potential imbalance (Vout) is correlated with
the dynamic heat conduction conditions within the surrounding liquid [56-61].
Monitoring the temperature- and time-response of the wire, when subjected to an abrupt
electrical pulse, allows for the thermal conductivity (κ) and thermal diffusivity (D) of the
fluid to be determined [56-61].

Figure 2.16: Schematic representation of the transient hot-wire experimental set-up used to explore the
thermal conductivity of the nanofluids developed.

The mathematical model used to characterize the situation within a hot-wire cell
(as the one shown in Figure 2.16) considers an infinitely long and thin uniform heat source
(the wire) embedded in an infinite homogeneous medium, i.e. the sample fluid [56, 57].
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An infinitesimal line source, such as that described by the model, is realised by using an
ultrathin wire of relatively long length (d << L) effectively simulating a line segment of
length L from an infinite wire [56, 57]. Here, the wire has diameter d = 10 µm and its
length L is 4 cm. Consequently, the model conditions are fulfilled. The model uses the
assumption that as result of the conductive heat transfer from the wire into the fluid, the
temperature, and hence the resistance of the wire (test cell), varies with time. The equation
governing this physical process is derived from the application of the transient heat
diffusion Fourier equation in the presence of adequate boundary conditions [56-61]. The
solution to this problem is well known [56, 57] and, when applied to a circuit resembling
that outlined in Figure 2.16, yields the following expression [2]:

𝜅=

(𝐼𝑅 )3 α𝑆𝑅 2
4𝜋𝐿(𝑅+𝑆)𝐴′

(2.9)

where IR is the current flowing through the wire, α is the temperature coefficient of
resistance for the conducting wire (for platinum this is taken to be 3.85 x 10-3 (°C-1)), L is
the length of the wire, S and R are the resistances of the potentiometer and the wire,
respectively, while κ is the thermal conductivity of the fluid. The quantity 𝐴′ is the slope
of the following linear relationship [57]:
𝑉𝑜𝑢𝑡 = 𝐴′ ln(𝑡) + 𝐵

(2.10)

where Vout represents the potential imbalance registered across the Wheatstone bridge
circuit after the switch shown in figure 2.16 has been open for a time period (t). Hence,
monitoring the voltage drop across the bridge as a function of time and ensuring the
measurements are acquired over very short time-scales allows for the thermal
conductivity of a liquid to be obtained using the equations 2.9 and 2.10.
In this study, a hot-wire cell (5 cm x 4 cm x 4cm), as depicted in Figure 2.16, was
designed to be used with a reduced sample volume (~30 ml), the cell being manufactured
using a 3D printer utilising polylactic acid (PLA). The cell was designed to be flexible in
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terms of its capability of replacing the sample or to be completely disassembled to clean
the parts involved. Platinum wire was used due to its relatively high thermal conductivity
and well characterised resistance variation across a wide temperature range [56, 57]. The
resistance of the two resistors in the bridge was selected to maximise the sensitivity of
the set-up [56, 57].
The potentiometer S allows the elimination of any potential imbalance within the
bridge before an abrupt electrical pulse is sent through the circuit. The voltage readings
across the bridge were acquired using a Keithley 2110 multimeter configured to record
the data every 25 milliseconds. For a typical measurement the electrical pulse was
delivered for a period of approximately 15 seconds and, typically, 5 minutes was allowed
between successive measurements. This allows the proper cooling of the system and the
removal of any residual thermal energy from the system. The data gathered was
subsequently processed using equations 2.9 and 2.10 to obtain the thermal conductivity
of the fluid investigated.
To ensure that the direct exposure of the wire to the various types of working fluid
will have a minimum impact on the sensitivity of the uncoated platinum wire, the thermal
conductivity of ultrapure water (ρ = 18.2 MΩ cm-1) was measured before and after each
nanofluid was investigated. The thermal conductivity of the water (κW) prior each
nanofluid test was then used to calculate the ratio (κNF / κW) for the subsequent nanofluid
concentration considered.
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Chapter 3
Development of Poly-Vinyl Alcohol Stabilized Silver Nanofluids
for Solar Thermal Applications
Published in Solar Energy Materials and Solar Cells, Volume 201, 2019,
https://doi.org/10.1016/j.solmat.2019.110085.
3.1

Introduction
At present, there are two main types of solar energy systems: those reliant on the

direct conversion of the incident solar irradiance into usable electricity (solarphotovoltaic) and those based on harnessing the solar irradiance to use it as an alternative
source of thermal energy (solar-thermal) to meet a proportion of a buildings cooling and
heating demands [1-5]. Typically, in solar thermal plants or in a conventional flat plate
solar thermal collection (FPSTC) system, the solar radiation captured by a heat sink is in
turn transferred to a working fluid (e.g. water, ethylene glycol etc.) which passes through
the enclosed system under flow conditions specific to the application [6-10]. Therefore,
the working fluid plays a dominant role in enhancing the efficiency of the energy transfer,
which, in turn, is dependent upon the composition, arrangement, stability and photothermal properties of the fluid. To enhance the physical properties of a working fluid
nanometer sized particles can be suspended into a base fluid [11-16]. The presence of
such particles, commonly composed of highly conductive materials, dominate the thermal
and physical properties of the resulting fluid [12,15,17,58-59]. The resulting fluid
suspensions, generically called nanofluids or nanosuspensions, have become a leading
candidate for the cost reduction of the solar-thermal energy [11,13-14,18,20,28-29,4548].
Typically, the nanoparticles utilized in nanofluid studies embodied a single mode
narrow-distribution of the particle size [23-26,35-36]. However, using a poly-disperse
particle size-distribution can influence the interaction between the collective ensembles
of particles and promote the thermal properties of the base fluid. Within such a wide96

ranging particle size-distribution, the larger sized particles form an antenna effectively
coupling the higher order LSPR modes available on these nanostructures to the nearby
smaller size particles. These smaller size particles can in turn act as resonators, creating
localized ‘hot-spot’ regions [32,39,50-53]. The enhanced electric field established
through such an interconnected particle network is greater in magnitude than that created
through isolated narrow particle size-distributions [50-53]. Typically, the commercially
purchased nanoparticles employed in the design and characterization of nanofluids are
lacking in the variety of particle morphologies, shapes and sizes [21,23,34,54-55]. This
can be mainly due to the product control existing within a commercial environment,
which requires narrow particle size-distributions and similar morphologies for the
nanoparticles as a commercial product. Consequentially, in the research pursuit of
efficient and stable nanofluids, the possibility of particle-particle interactions between
different anisotropic shape and sizes has been, typically, overlooked. However, such
interactions can have the potential of enhancing the absorption and/or thermal capabilities
of the nanofluids [56-60].
The present experimental study focuses on the influence of the nanoparticle
population complexity on the thermal properties of the nanofluid through developing and
characterizing nanofluids containing nanoparticles of different particle size-distribution,
configurations, and shapes. Water based silver-nanofluids (developed via a two-step
method in which the nanoparticles were formed through a wet-chemical synthesis route
using widely available reagents) are explored as potential candidates for working fluids
within a direct absorption solar-thermal collection system. The synthesis route allows for
the stabilization of the nanofluids through the employment of the surfactant poly-vinyl
alcohol (PVA) to aid and control the nanoparticle growth. The main advantage of this
approach is represented by the fact that the nanofluids manufacturing procedure is simple,
relatively low-cost and it can be easily scaled up to be used in real-world solar thermal
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applications. The optical properties of the colloidal dispersions fabricated were tuned
throughout the synthesis stage to deliver a dynamic absorption profile over the 300 nm –
800 nm spectral window.

The impact of the particle size-distribution, particle

morphology, particle concentration and dispersion stability on the photo-thermal
conversion efficiency and thermal conductivity of the nanofluids is discussed.
3.2 Materials and Methods
3.2.1 Ag nanoparticle Synthesis
3.2.1.1 Reagents
Silver nitrate (AgNO3, 99.99%), sodium borohydride (NaBH4, 99%), poly-vinyl
alcohol (PVA, 87% - 89% hydrolyzed, typical MW 13 000 – 23 000 g/mol), tri-sodium
citrate (TSC, 99.5%) and hydrazine (N2H4, hydrate, reagent grade, 50% - 60%) were all
purchased from Sigma Aldrich Co (St. Louis, Missouri, United States) and used without
further purification. Ultrapure water (ρ = 18.2 MΩ cm-1) was used throughout the
experiment to form the numerous aqueous solutions required for the nanoparticle
synthesis route employed.
3.2.1.2 Particle Nucleation and the formation of Ag Seeds
In this study, silver nanoparticles were synthesized using a two-stage seed
mediated process (Figure 3.1) consisting of (I) particle nucleation and (II) particle growth
[61-63]. In the first stage silver seeds, prepared by the chemical reduction of silver nitrate
(AgNO3) with sodium borohydride (NaBH4) in the presence of a stabilizing and capping
agent poly-vinyl alcohol (PVA), constitutes a ‘reference frame’ upon which nanoparticles
of various sizes and shapes can be formed (Figure 3.1, (i) – (iii)). In a typical synthesis
process 2 ml of chilled (T < 4 °C) NaBH4 (0.001 M) were added dropwise to 2 ml of
AgNO3 (0.001 M) and 2 ml of PVA (1% w/v in g/ml) while the solution underwent
constant agitation via magnetic stirring.
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Figure 3.1: Schematic representation of the seed-mediated method (i – v) used to synthetize and control
the size of silver (Ag) nanoparticles. Subsequently, the nanoparticles were dispersed in a base fluid to form
silver nanofluids (vi). The individual stages of heterogeneous particle growth that is taking place during
each stage of the synthesis procedure are also presented

3.2.1.3 Controlled Ag Particle Growth
In the second stage, various volumes of AgNO3 were added to a ‘growth solution’
leading to the formation of colloidal dispersions with various colours tuned through the
crystals growth (Figure 3.1 (iv) - (v)). In a typical synthesis process, 1 ml of seed solution
prepared in stage I was added to 1 ml PVA (1 % w/v), under magnetic stirring. Then, to
this resulting dispersion, 3 ml TSC (0.1 M) and 5 ml N2H4 (0.1 M) were added
sequentially forming the ‘growth solution’. The nanoparticle dispersions of various
colours were produced by adding, under constant agitation, various volumes (0.4 ml – 20
ml) of AgNO3 (0.001 M) to the ‘growth solution’ in a slow and controlled manner (~ 0.03
– 0.06 ml/s).
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3.2.2

Nanoparticle Characterization
The formation of Ag nanoparticles was monitored by UV-VIS spectroscopy. The

absorbance spectra of a colloidal sample were recorded over the 200 nm – 800 nm spectral
range using a Perkin Elmer Lambda 900 spectrometer (Perkin Elmer Inc., Massachusetts,
USA) and having ultrapure water as a reference. An integrating sphere configuration was
adopted to minimize the scattering losses occurring due to the presence of Ag
nanoparticles within the colloidal dispersions. The dispersions formed were diluted with
ultrapure water in a ratio of 1:5 and the measurements were carried out using 10 mm path
length quartz cuvettes. The underlying spectral components, corresponding to the
different

particle

size-distributions

present,

were

determined

using

spectral

deconvolution, Gaussian peaks being considered for curve-fitting in each case. The
evolution of the individual spectral components allowed monitoring the growth and the
decay of nanoparticles size distributions within the dispersions.

The spectral

deconvolution consisted of three steps: (1) baseline subtraction, (2) identifying the
possible number of peaks by performing the second derivative and (3) curve-fitting of the
overall spectrum using Gaussian peaks [64-66]. The fitting criteria adopted in each case
were in correspondence with the guidelines available in the references [64-66].
The particle size-distribution, polydispersity index (PDI) and zeta potential of the
colloidal dispersions fabricated were measured using a Malvern Nano series ZS Zetasizer
(Malvern Instruments Ltd, Malvern, United Kingdom). Hydrodynamic diameter
measurements were performed in poly-methyl-methacrylate cuvettes at a temperature of
25 °C using a He-Ne Laser (λ = 633 nm) with a detector angle of 173°. The refractive
index and the viscosity values used were that of pure water. Hydrodynamic size and zeta
potential are reported as the mean of the three repeated measurements. The error bar
values represent the standard deviation of these measurements.
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The surface morphology and shape of the Ag nanoparticles were examined using a
Hitachi SU-6600 Field Emission Scanning Electron Microscope (FESEM) and/or a
Hitachi SU-70 FESEM (Hitachi Ltd, Tokyo, Japan). A typical sample preparation for
SEM investigations involved placing a drop of the diluted Ag nanoparticle solution on a
copper grid and allowing 12 hours (hrs) to dry at room temperature before imaging. The
images were analysed using ImageJ software, employing an automatic threshold routine.
The algorithm used to determine the threshold for each case was selected from the
methodologies available in Image J. The mean (Sauter) diameter was subsequently
calculated using at least 250 particles per sample.
3.2.3

Preparation and characterization of silver nanofluids
Silver nanofluids were prepared by the method schematically summarized in

Figure 3.1 (i) – (vi). In this method, colloidal silver dispersions containing particles of
different sizes and shapes were first prepared using the aforementioned synthesis route
(Figure 1 i – v). In each case, a certain volume (0.05 µl – 2.50 ml) of the dispersion was
re-dispersed into a base fluid – ultrapure water in this work – as presented in Figure 3.1
vi. After the addition of the nanoparticles, the resulting nanofluid solution was transferred
to an ultrasonication bath for 30 minutes to reduce possible particle agglomeration, which
could have occurred during the transfer of the particles into the base fluid [13-14,27].
Characterization at each stage of the nanofluids preparation was carried out to ensure
adequate stability of the nanofluids and their photo-thermal property measurements.
UV-VIS spectrophotometry was used to investigate the stability of the
nanoparticles within different types of nanofluid, i.e. those containing different particle
size-distributions and/or a variety of particle shapes. As the plasmon absorption band of
a nanoparticle is highly influenced by its size, shape and surrounding environment, the
Perkin Elmer Lambda 900 spectrophotometer was used to aid in the identification of
possible aggregation, upon transferring the particles from the colloidal dispersion into the
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base fluid [13,22,27,42,44]. This test was carried out in conjunction with dynamic light
scattering and Zeta-potential analysis, post particle re-dispersion in the base fluid, to
identify subtle changes in the particle size and surface charge distribution. The
measurements were performed using a Malvern Nano Series ZS Zetasizer (Malvern
Instruments Ltd, Malvern, United Kingdom).
3.2.4

Photo-thermal Conversion Efficiency
The capability of the nanofluids to capture and convert light across a broad

spectral range into usable thermal energy was studied and evaluated using the set-up
shown in Figure 3.2 (a). A halogen lamp (Griven© 1200 MSR), working as a solar
simulator, was used to reproduce the natural solar irradiance. This solution was chosen to
alleviate the uncertainties which can arise due to the instabilities experienced in the
natural lighting conditions. The Griven lamp provided a spectral irradiance closely
matching that of the standard AM1.5G reference spectra (Figure 3.2 c), commonly used
within controlled testing environments to replicate the suns spectral distribution under
certain idealized conditions [67]. The Griven lamp delivered a consistent spectral
irradiance to within a 4 % - 9 % tolerance range over the entire spectral range of the lamp
(Figure 3.2 c) with fluctuations in the overall irradiance approaching 4 % over the course
of an individual nanofluid characterization cycle (Figure 3.2 d). The light produced by
the lamp was sent to the bottom of a borosilicate glass cell (length × diameter = 7 cm ×
2.3 cm and a wall thickness of 0.3 cm) using a plane mirror oriented at 45° (Figure 3.2
a). The borosilicate glass has a high transparency (~95%) over the broadband range of
frequencies present within the incident spectrum. The glass cell was placed within a
polyester insulating foam (used to provide an insulating environment for the cell) with
only the bottom surface area of the cell directly exposed to the centre of the beam
produced by the solar simulator. The possibility of thermal and radiative losses to the
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surrounding environment were minimized through encasing the entire set-up in an
external wooden wall.

Figure 3.2: Schematic description of the (a) PTE experimental set-up and (b) thermocouple positioning
inside and outside the nanofluid cell. (c) Inter-comparison between the spectral irradiance delivered by the
Griven lamp (red-line) and the AM1.5G standard reference spectra (black-line), with the variation in the
lamps intensity (d) as a function of time also displayed

For a typical nanofluid characterization measurement, the power of the halogen
lamp was adjusted, the irradiance arriving at the nanofluids location being 1220 ± 50 Wm2

. This value was measured at the sample location using a pyranometer (Delta-T BF-3

sunshine sensor) that has a measurement uncertainty of ± 5 Wm-2. A period of 30 minutes
was allocated for the lamp to reach stable operating conditions. After this, the glass
collector containing the nanofluid under consideration was placed under the illumination
of the solar simulator for 90 minutes. Typically, 25 ml of working fluid was employed
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within the direct solar absorption collection system, with the 0.05 % - 10% v/v nanofluid
loadings prepared by collecting a quantity from the stock nanoparticle solution (step V in
Figure 3.1) and re-dispersing them into ultrapure water for each type of nanofluid
considered.
Four K-type thermocouples (with an uncertainty of ± 0.5 °C) were positioned at
the top and at bottom of the glass collector (as depicted in Figure 3.2 b) to monitor the
temperature changes within the nanofluid (using the temperature differences between the
two thermocouples within the fluid) and with its surrounding environment (using the
temperature differences between the thermocouples within and outside the cell) in real
time. The temperature probe closest to the inlet was used to resolve changes within the
photo-thermal efficiency of the working fluid as a result of the alterations made to the
nanoparticles size, shape, and concentration within it. The divergence between the two
temperature readings, within the fluid, reveals information on the homogeneity of the heat
transfer within the volume of fluid. As the temperature of the working fluid increased
during constant irradiation, losses to the surrounding environment became more
prevalent. Placing two thermocouples outside the working fluid allowed for these losses
to be resolved and quantified. The temperature variations were monitored and recorded
every second using a data acquisition system composed of a data logger (Pico TC-08 data
logger) interfaced to a computer.
The photo-thermal conversion efficiency (PTE) is commonly defined as the ratio
between the energy stored within the nanofluid and the total incident solar irradiation
[19,26,45,49];

𝑃𝑇𝐸 =

(𝑐𝑤 𝑚𝑤 ∆𝑇𝑤 +𝑐𝑛𝑝 𝑚𝑛𝑝 ∆𝑇𝑛𝑝 )
𝐼𝐴∆𝑡

≈

𝑐𝑤 𝑚𝑤 ∆𝑇𝑛𝑓
( ∆𝑡 )
𝐼𝐴

(3.1)

where cw and cnp are the specific heat, mw and mnp are the mass, ∆Tw and ∆Tnp are the rise
of the temperatures over the measurement period ∆t of the water (w) and the nanoparticles
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(np), respectively; I is the irradiation flux and A is the illumination area of the nanofluid.
Under low intensity conditions, the temperature difference between the particles and the
base fluid is negligible [19,26,68]. The low concentrations of particles employed allows
the nanoparticles mass contribution to be assumed negligible [26,69-70]. This allows for
a general accepted simplification of general equation 3.1, PTE being now directly
proportional to the temperature gradient at a point within the bulk nanofluid ∆Tnf,
measured by the thermocouples. The contributions to the PTE arising from latent heat
(i.e. due to evaporation) are not considered in the outlined definition of PTE [26,69-70].
The relatively low temperatures (< 50 °C) involved in this study allow the assumption
that these contributions are negligible. The expression employed does not have to
consider the losses to the surrounding environment through both radiative and convection
processes, as the system was placed in an insulator environment. The enhancement
(equation 3.2) in the PTE of the nanofluid, as compared to the base fluid, offers a clearer
metric of the overall impact of design parameters on the performance of the nanofluid.
𝑃𝑇𝐸𝑛𝑓 −𝑃𝑇𝐸𝑤

𝐸𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 = (

𝑃𝑇𝐸𝑤

) 𝑥 100

(3.2)

The thermal conductivity of the water (κW), the base fluid in this study, and the
thermal conductivity of each nanofluid (κNF) for various concentrations were measured
using the hot-wire method as described in detail in section 2.10. The values obtained for
the thermal conductivities were used to calculate the ratio (κNF / κW). These results were
then compared with the PTE behavior for the various nanofluids.
3.3 Results and Discussion
3.3.1 Seed Formation
Seed solutions containing a narrow distribution of particle sizes are essential to
the development of controlled nanoparticle growth during the second stage of the
synthesis. Deviations within their optical properties can be used as indicatives of the
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control exerted over the growth kinetics during heterogeneous particle growth [61,63,7172]. Seed solutions exhibiting a rich golden yellow colour (like that presented in Figure
3.3 a, inset) represent the ideal case, reflecting the best control granted over the particle
formation [61-63]. Darker colours are indicative of increased scattering due to the
presence of larger particles [38,61,63,66,88]. This implies that during the initial stages of
particle growth, a larger variation in the size of the ‘seed’ particles was formed. The origin
of this variation is owing to either subtle differences within the growth kinetics of the
reaction [38] or, alternatively, to the formation of a larger number of ‘seed’ particles
during nucleation [73]. The larger number of seeds particles formed can allow for a higher
predisposition of the seed solutions towards agglomeration and, hence, at a later stage,
for a larger variation in the nanoparticle size in the resulting nanofluid.
Typically, a colloidal dispersion containing seed particles 2 nm – 15 nm in
diameter (Figure 3 a - inset) has a LSPR absorption band extending from 300 nm to 700
nm (Figure 3.3 a), with a maximum peak situated at ~ 450 ± 5 nm and a small ‘shoulder’
peak occurring at ~ 350 ± 5 nm. These peaks are characteristic for the formation of
spherical Ag nanoparticles [37]. These seeds will be used to tune the growth of the
nanoparticles and their optical properties (Figure 3.3 b - d). The approximately spherical
shape of the seeds is confirmed through SEM (Figure 3.3 e - f), where the presence of
small particles (~ 10 nm – 20 nm) with approximately spherical shape can be observed.
The SEM images (Figure 3.3 f) also reveal the presence of clusters of seed particles (~ 50
nm – 200 nm).
The presence of clusters could suggest that possible aggregation might have
occurred in the seed solution prior to particle growth. However, in this figure, the cluster
formation might also be the result of the deposition technique used for SEM sample
preparation. These facts reinforce the need of using the seed solutions immediately after
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Figure 3.3: (a) UV-VIS absorption spectrum of a typical stable colloidal solution containing the Ag-Seeds.
The particle size-distribution and a photograph of the solution are shown as an inset. The rich golden yellow
colour can be seen. (b) Different colloidal solutions produced when the volume of AgNO 3 (0.001 M) is
varied during the growth stage of the nanoparticle synthesis and (c) their respective plasmonic absorption
bands. As the volume of AgNO3 is varied the formation of two peaks within the LSPR absorption band of
the colloidal dispersions becomes discernible. (d) The wavelength (λ max) of the peak absorption as a
function of the volume of AgNO3 leads to two components (1) static – in red and (2) dynamic – black. (e f) SEM images showing the variation in the size and in the morphology of the particles present within the
seed colloidal dispersion prior to the growth stage.
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preparation to avoid possible aggregation prior to particle growth.
3.3.2

Fine-Tuning of Colloidal Dispersions Optical Properties
Colloidal dispersions of different colours (Figure 3.3 b) were produced by altering

the volume of AgNO3 (0.001 M) added to the growth solution during the heterogeneous
particle nucleation process. The colour of the dispersions shifts from yellow to red and
from red to green as the volume of silver nitrate was varied from 0.4 ml – 20 ml (Figure
3.3 b). Variations within the colour of the colloidal dispersions were registered through
the modifications in the LSPR absorption band (Figure 3 c). These deviations are directly
related to the changes in the particle size-distribution [41,61,63]. Consequently, it is
expected that the shift in peak absorption wavelength (λmax) of the dispersions to larger
wavelengths (Figure 3.3 c) reflects the changes in the particle size-distributions.
As the volume of AgNO3 is increased, the formation of two peaks in the
absorption spectra of the dispersions becomes prominent (Figure 3.3 c), indicating the
presence of more than one species of nanoparticles. The absorption spectra contain two
spectral components (1) a ‘static’ component that retains absorption characteristics
similar to the seeds used to grow the nanoparticles (Figure 3.3 d - red circles), and (2) a
‘dynamic’ component which shifts from 450 nm to 650 nm as the amount of added
AgNO3 varies from 0.4 ml to 20 ml (Figure 3.3 d –black squares). Thereby, the particles
absorption band can be tuned to cover the entire 350 nm – 800 nm spectral window
(Figure 3.3 c). This wide absorption will be very beneficial to the solar applications as
the amount of energy collected from the sun will be increased. The deconvolution of the
spectra (Figure 3.4 a – f) revealed the presence of more spectral bands contributing to the
overall spectrum, with some of the spectra containing as many as five individual
contributions (Figure 3.4 e). These higher order modes are corresponding to larger
particles present within the colloidal dispersions and/or to the existence of anisotropic
morphologies [40,74]. The individual spectral contributions arising from higher
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frequency modes within the colloidal dispersion need to be used to monitor these changes
in particle size-distributions and morphologies.

Figure 3.4: Spectroscopic analysis of colloidal dispersions containing Ag nanoparticles produced by
increasing the volume of AgNO3 (0.001 M) in the growth stage of a two-step mediated synthesis
methodology. Growth solution consisted of 1ml PVA (1% w/v), 1ml seed , 3ml TSC (0.1 M), 5ml
Hydrazine (0.1 M) and X ml AgNO3 (0.001 M) added in that particular order, with X being; (a) 0.5 ml, (b)
1 ml, (c) 1.5 ml, (d) 2.5 ml, (e) 8 ml and (f) 20 ml. The deconvoluted spectral components presented
indicate the presence of one or more size-distributions of nanoparticles within a dispersion.

The changes seen in Figure 3.4 lead to the conclusion that the nanoparticles
present in the dispersions have various size distributions and/or a variety of particle
morphologies. The competition between these species within a dispersion can also lead
to the observed variation in colour (Figure 3.3 b). The wide range of particle
morphologies is also revealed by the SEM images (Figure 3.5 a – b and Figure 3.6), where
the presence of cubes, prisms, spheres and other hexagonal and/or non-spherical
geometries can be seen.
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The origin of the individual absorption properties of each colloidal dispersion lies
in the particle-size distribution and morphologies existing within it [75-76]. The
scattering and the absorption of the light, as well as the characteristics of the locally
enhanced electric field (EF) established through LSPR, are controlled by the shape and
the size of the nanostructures [74-76]. By controlling the volume of silver nitrate
employed during crystal growth, the size of the particle distribution can be tailored from
10 nm – 50 nm at low volumes (0.2 ml to 0.6 ml) to 5 nm – 110 nm at larger volumes (20
ml and above). The particle sizes reported (Figure 5 d) have been resolved through SEM
size analysis carried out on different ‘coloured’ colloidal dispersions produced using the
aforementioned synthesis route. This is correlated with the relationship between the
volume of AgNO3 and the PDI (Figure 3.5 c) of the colloidal dispersions formed. PDI, a
measure of particle distribution broadness, increases rapidly within the 0.4 ml to 2.5 ml
added range before tapering-off gradually towards 10 ml. At this critical point (2.5 ml),
as the particle size-distribution undergoes a transition from an almost purely monomodal
to bimodal distribution (Figure 3.4), the increasing population of larger particles begins
to dominate the scattering characteristics of the signal registered in the photodetector of
the DLS device. The formation of the secondary size distribution at this point can be
attributed to a gradual decrease in the stability of the dispersion, as the interplay of the
competing processes of agglomeration, coalescence and colloid stabilization start to
become important.
Within a particle dispersion, the delicate balance between the long-range
attractive (typically, London - van der Waals) forces, which act as the driving force
behind the aggregation process, and the repulsive (e.g. steric) interactions will determine
the long-term stability of a solution [31]. The aggregation tendency can be retarded by
the inclusion of a surfactant or stabilizing agent. The surfactant, in this case PVA, forms
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a protective layer around the particles allowing for the (steric) stabilization of the
dispersions.

Figure 3.5: (a) Overall low-magnification (b) and zoomed SEM images of the Ag nanoparticles in the
dispersions. The inset in (a) show higher magnification of the various clusters in the nanofluid solutions.
The scale bar in the inset is 200 nm. The wide range of particle morphologies and sizes present within the
polydisperse colloidal dispersions formed can be observed. The presence of multiple different size
distributions within a given sample can explain the changes in the spectral observations. (c) The deviations
in the zeta potential (black squares) and PDI (red circles) of the colloidal dispersions produced as the
volume of AgNO3 (0.001 M) is changed in the growth process, and the (d) corresponding change in the
particle size throughout this range: as determined through SEM.

The Zeta potential (Figure 3.5 c) represents a rapid and efficient method to
determine and predict the stability of a particle dispersion [77]. The solutions formed in
this study displayed a rapid increase in the stability, with the average zeta potential
increasing from -22 mV (0.4 ml AgNO3) to -50 mV (2.5 ml AgNO3). The uncertainty on
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the Zeta potential is indicative of the variation of particle stability within the collective
particle ensemble. As particles can coalescence to form larger structures, their charge
distribution will also be altered, affecting the electrostatic interactions within the particle
dispersion. This will lead to a distribution of Zeta potential values whose extent will
depend upon the internal structure of the fluid.

Figure 3.6: High resolution SEM images showing different nanoparticle morphologies present within the
fabricated colloidal dispersions (a) spherical and non-spherical geometries (b) triangles (c) vertically
stacked disks and (d) nano-aggregates containing the various morphologies presented.

Therefore, developing an understanding of the degree of control, granted through
the many synthesis routes available, over the optical and morphological properties of the
nanostructures employed in the development of nanofluids seems to be crucial. Gaining
an insight into the impact of specific properties of the structures and their correlation with
variations in the photo-thermal performance will allow revisions for design at the
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synthesis stage. However, such studies are beyond the purpose of the present paper, but
we note that these insights should be considered in future studies to maximize the
cooperation between the base fluid and nanostructures to enhance the performances and
the efficiencies of the photo-thermal energy systems.
3.3.3

Nanofluids and Their Optical Properties
Three different types of nanofluid (Table 3.1) were designed based on the

variation in particle size and morphology of the dispersions previously mentioned. Each
type has a distinctive absorption bandwidth and a characteristic particle size distribution,
allowing for the effect of each of these parameters on the photo-thermal performance of
the fluid to be evaluated. The prepared nanofluids are shown in Figure 3.7 a – c with most
of the working fluids appearing transparent, but this effect changes at the higher
concentrations (2% - 10% v/v) where the scattering due to the presence of nanoparticles
start to become appreciable. The optical properties of the nanofluids were explored by
UV-VIS spectroscopy (Figure 3.7 (i) – (iii)). The absorption within the 350 nm – 800 nm
spectral window increased with increasing the particle concentration. In accordance with
the Beer-Lambert law, the relationship between the absorbance and concentration of
nanoparticle was found to be linear (see the insets in Figure 3.7 (i) – (iii):). An exception
from this linear dependence can be noted at very low concentration (less than 1% v/v).
Table 3.1: The different types of nanofluid designed through varying the volume of silver nitrate (0.001
M) added during the growth stage of the synthesis employed, and their respective typical particle sizes,
absorption range & particle distribution type

Type A
Type B
Type C

Volume of AgNO3
(0.001 M) required
for particle growth
(ml)
0.4
4
20

Particle
Diameter
(nm)

Particle
distribution
Type

Absorption
Range
(nm)

10 – 50
10 – 85
5 – 120

Single mode
Bi-modal
Bi-modal

300 - 500
300 - 700
300 - 750

Type A nanofluids (Figure 3.7 (i)) presented a more confined absorption window
that is localized within the 350 nm – 450 nm region, while Type B (Figure 3.7 (ii)) and
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Type C (Figure 3.7 (iii)) nanofluids absorb the light over a much larger (350 nm – 800
nm) spectral range. Nevertheless, differences in the absorption profiles of these two types
of nanofluid can be observed. Type B nanofluids present a peak absorption at 550 nm
owing to the presence of larger particles ~ 30 nm – 80 nm in diameter. Type C nanofluids
have a similar level of absorbance at this wavelength but this type of nanofluid also has
an LSPR mode occurring at 420 nm. This mode LSPR seems to correspond to the
abundance of particles with sizes (as noticed through SEM and DLS) that are closely
matching the size of the seed particles (2 nm – 20 nm) used in the nanofluids production.
The absorption profile is produced due to the interaction of electromagnetic radiation with
the silver nanostructures suspended within water. Therefore, the Ag nanoparticles can
provide a more efficient method of capturing and converting the energy within the
UV/VIS range i.e. in the region where water is a poor absorber.
3.3.4

Photo-thermal Performance
The photo-thermal performance of the nanofluids (Types A - C) were evaluated

under the continuous irradiation provided by the solar simulator (Figure 3.2). As the
working fluid is exposed to the constant irradiation, the temperature of the fluid increases
(Figure 3.8 a, d and g). Even though water is transparent, most of the near-infrared
radiation available is absorbed by the water molecules before being converted into
thermal energy [87]. This enables the water to undergo a temperature variation of 12 °C
over 90 minutes of exposure time. The silver nanofluids capability to capture and convert
visible and ultraviolet light into thermal energy resulted in a much larger temperature
variation within the initial few minutes of exposure as compared to pure water (Figure
3.8 a, d, and g). Thus, during this period the radiation that is transmitted through the glass
collector is absorbed and scattered by the nanoparticles. The presence of nanoparticles
decreases the optical path within the working fluid leading to the partial transmission of
spectral radiation within the working volume [31-32,78]. The particles are forming a
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‘collecting’ area within which the interactions between the chemical species present lead
to a rapid transfer of heat to the residual working volume. The temperature of the working
fluid reaches the value of 42 °C. Further increases in temperature start to become less
pronounced, as reflected by the PTE values at the later stages of the experiment (Figure
3.8 b, c and h). This is owing to the gradual increase in the temperature difference between
the working fluid and the surrounding environment, as the working fluid is under the
constant electromagnetic flux.
Enhancement gained through the inclusion of PVA stabilized silver nanoparticles
within the base fluid did not follow the typical relationships commonly reported in metalbased nanofluids [12-14,27]. Thus, typically, the presence of smaller particle size and an
increasing particle concentration are reported to lead to significant enhancements in the
photo-thermal performance of the working fluid [16]. Nonetheless, in the system studied,
these trends were not observed. Moreover, for some of the nanofluids in this study, a
rather non-linear variation of the PTE enhancement with exposure time was observed
(Figure 3.8 c, f and i), with the rate of increase or decrease in photo-thermal performance
varying from sample to sample. However, this might be explained by the fact that there
is a capability of the particle size to overwrite the particle-concentration effect [12].
The type A fluids displayed the lowest increase in the PTE enhancement value
among the three nanofluids, but, even in these conditions, it still exhibited a PTE larger
by 10% - 19% than the PTE of the base fluid (Figure 3.8 c). The presence of a narrow
absorption bandwidth of the particles (Figure 3.7 i) that captures less solar irradiance can
explain their performance when compared with the other two types. The smaller size
particles present within the fluid (~ 10 nm – 50 nm) should have led to better heat transfer
kinetics for this type of nanofluid [16,79]. However, the low (– 20 mV) zeta potential of
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Figure 3.7: Photographs of different types of Ag based nanofluids (a – c) and their corresponding
absorption spectra (i – iii). The peak intensity of each working fluid as a function of concentration is
presented in the inset. Each inset including a linear fit, emphasizing the Beer-Lambert relationship between
absorbance and concentration for each nanofluid considered.
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colloidal dispersions produced using such small volumes of AgNO3 (Figure 3.5 c) could
lead to the onset of thermally aided aggregation during the exposure and this aggregation
can hamper the thermal properties. The substantial increase in the fluid temperature,
especially for certain concentrations (0.2%, 0.4% and 1% v/v), within the first 1000 s of
exposure can suggest that these nanofluids could be tailored towards applications where
their short-time enhanced performances (i.e. when exposed to such short bursts of high
intensity spectral irradiance) are more suitable. In some instances, e.g. for certain
nanoparticle concentrations, the photo-thermal performance of the base fluid was
unfavourably affected by the inclusion of the nanoparticles (Figure 3.8 c – 0.5% v/v and
0.8% v/v) as this inclusion lead to a decrease of the fluids performance by as much as
10%.
Similar effects have been reported, typically, when employing surfactants or
stabilizing agents. These molecules can effectively reduce the extensive hydrogenbonding network found in water [37], this network being considered responsible for water
increasing thermal conductivity with temperature [37]. Therefore, nanofluids containing
a much larger concentration of type A particles (~10% v/v) represent a better candidate
for solar thermal applications, which typically require lengthy exposure times and fluid
lifetime cycles [10,80-81].
The type B nanofluids exhibited, depending upon the particle concentration, PTE
values with 11% – 26% larger than the PTE of the base fluid as reflected by the PTE
enhancement (Figure 3.8 f). However, the rate of variation in the PTE with exposure time
differ across the nanoparticle concentration range investigated. Thus, some nanofluids are
displaying a more steeply decline in their photo-thermal performance than others. A
similar behavior as for type A nanofluids was observed, with some of the nanofluids
(0.4% and 0.8%) initially performing well within the first 2000 s of exposure. During the
later stages of the exposure time, and as the temperature of the fluid increases (Figure 3.8
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e), their photo-thermal performance was overcome by nanofluids containing much
smaller concentrations of particles (0.05% v/v).
The difference between the two types of fluid can be lying in the prevalence of
the high concentrations of type A nanoparticles in providing the largest enhancement
reported, while the lowest concentration of Type B nanoparticles investigated provided
the best compromise between thermal performance and photo-stability. Another
noticeable difference between the two types of nanofluid is the emergence of an
enhancement in the photo-thermal efficiency of type B fluids when compared with type
A. This is valid irrespective of the concentration of particles present, exception being the
0.1% v/v (Figure 3.8 e) sample. The improvement in performance is likely to be due to
the interaction of the type B nanoparticles with a much larger band of frequencies. This
is due to the presence of a bi-modal size-distribution (Figure 3.4) as well as to the different
particle morphologies present within each size distribution (Figure 3.5 a and b and figure
3.6).
The best performances were obtained with the type C nanofluids, that showed an
increase in PTE of up to 32% when compared with the base fluid (see PTE enhancement
in Figure 3.8 i). All the nanofluids within this category exhibited an enhancement in the
performance when compared with the base fluid irrespective of the concentration of
particles present. The large ensemble of particle sizes present within these fluids (Figure
3.4, 3.10 and 3.11), enables a much stronger coupling between the electric fields within
the incident irradiance and the oscillating waves of electrons established on the dispersed
structures surface (Figure 3.7 (iii)). Similarly, with the type B nanofluids the dominance
of low concentration (0.05% v/v) working fluids in providing the best enhancement in the
photo-thermal performance was once again observed.
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Figure 3.8: Temperature variation (instantaneous – initial temperature) within the working fluid for three
types of silver nanofluid: (a) Type A (d) Type B & (g) Type C. The photo-thermal conversion efficiency
(PTE) as a function of the working fluid temperature (b, c, h) and the corresponding enhancement in the
PTE at various time during the 90-minute exposure period (c, f, i).
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The different modes of particle sizes present within the collective network of
particles, are possibly responsible for the dominating characteristics displayed by type C
nanofluids [82]. The larger particles in the collective ensemble allow the higher order
LSPR modes to be involved in the particle-particle interactions within the nanofluid
[31,50]. Thus, these can generate local enhancements in electromagnetic fields to values
that are many orders of magnitude above those achievable through monomodal particle
size-distributions [50-52]. The capability of different particle morphologies to facilitate
in the formation of a more tightly or loosely packed particle network chain, during the
particle agglomeration process, must be also considered. As more particles, which can
be effectively packed within the extended particle networks, are formed the higher the
thermal conductivity a nanofluid can exhibit [56-57,60,82]. In fact, the thermal
conductivity measurements performed for these nanofluids show that the thermal
conductivity ratio (κNF / κW) has a similar non-linear behaviour as the PTE as the
concentration increases - see Figure 3.9.
The results in Figure 3.9 highlight a strong correlation between the behaviour of
the photo-thermal conversion efficiency (PTE) and the ratio of the thermal conductivity
(κNF / κW) as the concentration of the nanoparticles is increased. However, the
dependencies on the concentration exhibited by both parameters is non-linear. These
dependencies are expected to be related with the ability of the nanofluids (and of the
nanostructure within) to promote or supress heat transfer. As the concentration of
nanoparticles increases, the subtle differences in their molecular structure are becoming
more concentration dependent. This can make some of the possible interaction pathways
more or less energetically favourable, depending upon the molecular re-arrangement within
the fluid. The changes in the structural conformation of the nanofluid investigated, in
response to changes within its local environment (such as particle concentration), require
further investigations. These investigations should be performed from both experimental
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Figure 3.9: The photo-thermal conversion efficiency (PTE) after 1000 seconds (as presented in Figure 3.8)
and the thermal conductivity ratio (κNF / κW) as influenced by the nanoparticle concentration present in the
various working nanofluid.

and theoretical perspective in order to reveal the mechanism underpinning the non-linear
concentration dependence of the particles photo-thermal properties. Additionally, the
interactions between neighbouring particles can destabilize the nanofluid via aggregation
as the attractive forces between nanoparticles lead to the formation of clusters, islands
and even fractal networks in an attempt to minimize the free energy within the nanofluid
[83-84]. However, while establishing the role of these interactions and explaining the
molecular mechanism behind these effects should be investigated, such investigations are
beyond the purpose of the present study.
The heat transfer mechanics of a nanofluid can be affected by a number of
interactions possible within it: (1) the Brownian motion of particles within the liquid,
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resulting in the formation of a ‘convection like’ effect. In this case the particles can collide
during their random path within the fluid influencing the thermal properties; (2) the
interaction of particles with molecules of the base fluid; (3) layering of the liquid at the
liquid/nanoparticle interface altering the thermal boundary resistance between the
particles and the base fluid; (4) the highly localized near field radiation created through
the LSPR phenomena and (5) the formation of loose particle chains or particle networks
within the fluid as aggregation begins to occur [15-16,43]. Theoretical studies aimed at
removing the veil on the impact of nanoparticle properties (composition, shape and size),
interaction pathways and environmental factors (temperature and pH) on the heat transfer
mechanisms within nanofluids suggest that the presence of aggregates can be primarily
responsible for some of the high thermal conductivities of nanofluids [3031,48,73,78,85,89].
The more particles are present the more by-products of the aggregation process
are observed within the nanofluids. This is indicated by the emergence of more modes
(blue star in Figure 3.10) as well as a larger range of particle sizes post exposure to the
solar simulator (Figure 3.11). This confirms that the individual spectral contributions
resolved within the colloids plasmon absorption band (Figure 3.4) are corresponding to
the presence of multiple particle size distributions within it. The best performing
nanofluids, i.e. type C nanofluids, display an array of size-distributions, whose peak size
lies in close proximity to each other (Figure 3.10 e). The other two types of nanofluid, A
and B, contain mostly non-overlapping size distributions (see the presence of the error
bars overlap in Figure 3.10). This can limit the interactions between similar sized particles
within the numerous distributions present within nanofluids and, consequently, their
photo-thermal properties. The origin of the effectiveness of the heat transfer process,
across all three nanofluids, seems to lie in the upper limit imposed on the maximum size
of the particles, which are able to produce the best enhancement in the photo-thermal
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Figure 3.10: The post-exposure particle size-distributions (black squares, red triangles, green circles and
blue stars) present within the three different types of silver nanofluid (a) type A (c) type B and (e) type C
as a function of the particle concentration within the fluid. The error bars represent the full width half
maximum of each individual size distribution within the collective particle ensemble. The error bars are
also an indication of the presence of overlapping between the various particle size-distributions. The
percentage (%) contribution from each individual component to the overall size-distribution for each type
of fluid (b) type A (d) type B and (f) type C is also presented.
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performance of the base fluid [86]. The best performing concentrations (5% v/v type A,
0.05% v/v type B and 0.05% v/v type C) contained particles no more than 150 nm in
diameter (Figure 3.10 and 3.11). Once particles, whose size exceeds this threshold,
become involved in the heat transfer process their physical properties appear to dominate
the thermo-physical characteristics of the nanofluid, resulting in a decrease in the
nanofluids photothermal performance.
Examples of the individual particle size distributions present in solutions whose
concentrations resulted in ‘poor’ and ‘good’ photo-thermal performance is provided in
Figure 3.11. This confirms that the presence of particles with sizes no greater than 150
nm in the best performing nanofluids. The highest performance from the nanofluids is
obtained when a degree of overlap exists between the particle size-distributions (Figure
3.10 red triangles/green circles). The variation in the particle size-distribution seen in the
best performing nanofluids can allow for a better packing order of the nanoparticles,
which, along with the particle size, has a significant influence on the enhancement of the
thermal conductivity [78]. The deterioration in the performance of the remaining fluids
is likely to be the result of the emergence of additional modes (Figure 3.10 - shown in
blue stars and in Figure 3.11) corresponding to particle sizes above 150 nm in diameter.
Thus, the delicate balance of the competitive processes between the multiple modes
already present within the nanofluid, is deteriorated as the aggregation process
accelerates. However, further studies should be performed in order to understand the
underlying molecular mechanism that stands behind the changes in the photo-thermal
properties of these nanofluids. Such studies should involve both experimental and
theoretical investigations and should contain a well-defined mixture ratio of nanoparticle
with various sizes, morphology and concentration.
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Figure 3.11: Typical individual particle size-distributions present within nanofluids classified as ‘good’
and ‘bad’ performers in terms of their photo-thermal conversion efficiency: (a) 5 % type A (b) 0.8 % type
A (c) 0.05 % type B (d) 2 % type B (e) 0.05 % type C (f) 2 % type C.
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3.4

Conclusion
Nanofluids can become a suitable and low-cost alternative to improve the

efficiencies of the heat transfer fluid employed within solar-thermal and photovoltaicthermal collection systems. Here, nanofluids containing multimodal silver nanostructures
of a rich morphology were synthesized and their thermo-optical properties were studied.
The synthesis method presented allows the bandwidth of energy captured by the
structures to be tuned, through controlling the concentration of silver nitrite used during
the heterogeneous growth of the nanoparticles. This synthesis procedure is simple,
relatively low-cost and it can be easily scaled up to be used in real-world solar thermal
applications. Different variations of silver nanofluids have been designed. Thus, different
types of particle size-distribution have been incorporated in the base fluid and their impact
on the thermo-optical properties of the resulting nanofluid was explored. Low
concentrations (0.05% - 0.1% v/v) provided the best improvement in the photo-thermal
conversion efficiency, with 5% - 32% enhancements in the PTE being achieved. The
variations emerging in the photo-thermal conversion efficiency, can be correlated to
changes in the individual populations of the numerous size-distributions contained within
the internal structure of the nanofluid. The existence of an upper threshold in the particle
size was observed to limit the enhancement in thermal properties, a strong degree of
correlation between the individual size-distributions and increased performance being
noted. The different particle size modes present show that using one (and/or narrow)
particle size-distribution does not represent the best choice in controlling and optimizing
the heat transfer properties of a nanofluid. Therefore, more work is required to understand
the process through which a wide distribution of particle sizes enhances the thermal
properties, as this could allow a faster implementation of the nanofluids into more solar
applications in the future.
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Chapter 4
LDS: A Bottom Up Approach Toward the Development of Highly Luminescent
Organic Alternatives

4.1

Introduction
In the pursuit of highly efficient ‘emitters’, various material structures have been

explored in efforts to identify the fundamental molecular building block(s) which will
facilitate the expansion of PV’s energy harvesting potential. Organic dyes [1-7], quantum
dots [2, 5, 6, 8-10], metal coordination complexes [5, 6, 11-15] and rare-earth ion doped
phosphors [5, 6, 11-15] encapsulated within a diverse set of polymeric, ceramic and
composite host materials have shown great promise in their capability to deliver enhanced
spectral responsivities, when paired with commercial and non-commercial PV
technologies [5, 6]. These structures exhibit some of the idealised physical and optical
characteristics required for spectral conversion applications, which include: (1) a high
absorption coefficient, (2) a relatively large absorption bandwidth, (3) an emission
spectrum closely matching the peak responsivity of the PV material, (4) a high
luminescent quantum yield (LQY), (5) prolonged photostability, (6) a cost effective
synthesis route, and (7) ease of handling and processing for scalability [5, 6]. Even with
this ever-expansive catalogue of material candidates, the merits identified throughout the
literature are often overshadowed by an inherent lack of addressing the limitations or
weaknesses of each candidate [5, 6]. This is accompanied by an additional lack of
diversity in the commercially available luminescent materials, which further restricts the
analysis and discussion to only a handful of key molecules. Hence there is an ever present
need to revisit the fundamental material aspects and continue in the pursuit of developing
and refining the material selection criterion for spectral conversion applications [5, 6]. As
the number of synthetic strategies continues to grow, offering ever more intricate,
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adaptable and scalable molecular frameworks, the promise afforded by these alternative
structures warrants exploration.
One such alluring alternative is phenanthroline based luminophore’s whose
molecular structure affords an abundance of desirable chemical and physical attributes
for spectral conversion applications [16, 17]. The considerable photostability exhibited
by 1,10-phenanthroline even prior to functionalisation [11, 12, 14, 15, 18] could help
address the longstanding limitation of spectral conversion devices, namely, the short
operational lifetime of the luminophore under the continuous exposure to irradiation.
Combining this with phenanthroline’s flexibility to be integrated with a host of already
well-developed and renowned emissive structures including quantum dots and transition
metal elements (Ag, Au, Eu) makes such a synthetic strategy much more attractive.
Furthermore, discovering newly conceived structural conformations of phenanthroline
and exploiting their capability to tune the chemical structure’s photophysical and
thermophysical properties towards a specific energy harvesting application remains
paramount [16, 17]. Although most of the literature has focused on supporting the
inclusion of numerous phenanthroline derivatives into ever more complex and intricate
metal coordination complexes, the need to further develop the library of polydentate
ligands used to synthetically adapt the complexes overall chemical and physical
behaviour remains ever present [16, 17]. In this premise, the precedent is to identify
suitable molecular structures which can act both as a polydentate ligand used to sensitise
a metal centre during the formation of a metal complex and simultaneously exhibit
significant standalone luminescence. The iterative refining of the organic structure of
phenanthroline using an efficient synthetic strategy in terms of yield, functional group
variability, time and cost in order to produce highly luminescent, photostable and
commercially viable standalone luminophore(s), holds significant potential. Such an
approach has not been fully explored to date and could potentially offer new organic
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phenanthroline based luminophores and highly efficient coordination complexes for LDS
applications.
Herein, we report the use of a novel synthetic strategy used to systematically
substitute the core structure of 1,10-phenantholine with various amine, phenyl and other
heteroaromatic moieties to form a series of known and novel imidazo[4,5f][1,10]phenanthroline fluorescent ligands. The role played by the substituted moiety in
enhancing or curtailing the photophysical properties of the newly established set of
fluorophores which all contain the core 1,10-phenthroline structure fused to an imidazole
ring (27 in total) was explored thorough a comprehensive evaluation of the structuralactivity relationship, exhibited by the molecular structures. Each iteration of the molecule
was evaluated for its optical properties in conjunction with its suitability for photovoltaic
(LDS) and photothermal (STC’s, PVT and SBS) applications. The set of fluorophores,
whose material properties corresponded to the criterion for LDS, were selected for
additional complementary optical characterisation, including the determination of their
LQY. The leading candidates identified were subsequently embedded within one of the
most widely recognized host materials, poly-methyl-methacrylate (PMMA), and their
optical behaviour within the relatively thin (10 µm) encapsulating framework was
considered and optimised. The optimal loading concentration was identified for each
material, and this optimal loading was deployed within LDS-devices, which were based
upon the most commercially mature mc-Si technology. The impact of the fluorescent
material’s optical properties on the conversion performance of the underlying Si
architecture was established through determination of the devices I-V response curves.
Finally, the photostability of the principle structures was examined by subjecting them to
accelerated artificial exposure

conditions and monitoring their deterioration

spectroscopically. This study serves as a foundation, upon which further refinements and
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modifications can yield even more efficient structures and conceivably more pronounced
enhancements in PV efficiency.
4.2 Methods and Materials
4.2.1 Materials
To modulate the relationship between radiative and non-radiative transitions, a
series of distinct chemical moieties were substituted onto the phenanthroline ring shown
in figure 4.1, with each substitution’s role in enhancing or curtailing the radiative
emission process considered. The molecular architectures explored, as well as their
respective formula, nomenclature, molecular weight and the abbreviation used to identify
it, are presented in table 4.1.

Figure 4.1: The molecular structure underpinning the range of unique luminophores explored, where each
iteration had a distinct chemical substitution at R.

4.2.2

Solubility
The active role played by the solvent cage surrounding a fluorescent molecule, in

facilitating a variety of different quenching mechanisms is well known [19]. Hence, to
enhance the accuracy and reliability of the measurements performed throughout the study,
it was essential that the solvent variability across the large range of potential fluorescent
candidates be reduced as much as possible in order to avoid solvatochromic effects for
the various different structures tested. This makes the key insights gained into the role
played by the molecules chemical and physical structure in aiding and enhancing the
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Table 4.1: Structural iterations of the [1,10]phenanthroline molecular scaffold and their corresponding
abbreviation, chemical formula, chemical name and molecular weight. Noted exclusions from this table
are the P122, P135, P136 and P138 structures, whose initial spectroscopic details are presented but their
structural features require further exploration before the full results can be presented.
Abbreviation
Chemical
Name
Molecular
formula
weight
(g mol-1)
Phen
C12H8N2
[1,10]phenanthroline
180.21
Phend
C12H6N2O2
[1,10]phenanthrolin-[5,6]dione
210.19
P7
C22H12N4O2
6-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)364.35
2H-chromen-2-one
P121
C25H22N4O6
(2S,3R,4R,5S,6R)-2-(4-(1H-imidazo[4,5474.47
f][1,10]phenanthrolin-2-yl)phenoxy)-6(hydroxymetyl)tetrahydra-2H-pryan-3,4,5-triol
P125
C19H11ClN4
2-(4-chlorophenyl)-1H-imidazo[4,5330.48
f][1,10]phenanthroline
P126
C19H12N4
2-phenyl-1H-imidazo[4,5-f][1,10]phenanthroline
296.33
P133
C20H14N4O
2-(4-methoxyphenyl)-1H-imidazo[4,5326.36
f][1,10]phenanthroline
P166
C27H16N4
2-(anthracen-9-yl)-1H-imidazo[4,5396.45
f][1,10]phenanthroline
P172
C19H12N4O
4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2312.33
yl)phenol
P181
C23H16FeN4
2-ferroceny-1H-imidazo[4,5-f]404.25
[1,10]phenanthroline
P182
C25H16N4
2-([1,1’-biphenyl]-3-yl)-1H-imidazo[4,5372.43
f][1,10]phenanthroline
P183
C32H18N8
1,4-bis(1H-imidazo[4,5-f][1,10]phenanthrolin-2514.55
yl)benzene
P185
C19H11N5O3
5-(1H-imidazo[4,5-f][1,10]phenanthroline-2-yl)357.33
2-nitrophenol
P187
C26H16N4
2-(9H-fluoren-3-yl)-1H-imidazo[4,5384.44
f][1,10]phenanthroline
P197
C27H20N4O2
2-(4-(benzyloxy)-3-methoxyphenyl)-1H432.45
imidazo[4,5-f][1,10]phenathroline
P204
C20H11Fe3N4
2-(4-(trifluoromethyl)phenyl)-1H-imidazo[4,5364.33
f][1,10]phenanthroline
P205
C20H11N5
4-(1H-imidazo[45-f][1,10]phenanthrolin-2321.34
yl)benzonitrile
P211
C19H12N4O2
4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2328.31
yl)benzene-1,2-diol
P245
C20H12N4O2
4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2340.34
yl)benzoic acid
P254
C19H11N5O2
2-(4-nitrophenyl)-1H-imidazo[4,5341.31
f][1,10]phenanthroline
P273
C19H15N5
4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2311.35
yl)aniline
P282
C29H16N4
2-(pyren-1-yl)-1H-imidazo[4,5420.14
f][1,10]phenanthroline
P284
C19H11BrN4
2-(4-bromophenyl)-1H-imidazo[4,5375.23
f][1,10]phenanthroline
P286
C19H11FN4
2-(4-fluorophenyl)-1H-imidazo[4,5314.32
f][,10]phenanthroline
P287
C21H10F6N4
2-(3,5-bis(trifluorometyl)phenyl)-1H432.33
imidazo[4,5-f][1,10]phenanthroline
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chemical and physical structure in aiding and enhancing the radiative emission process
more consistent when limited to a small range of solvents.
The solubility of each ligand was determined in a series of solvents typically
utilised in the preparation and fabrication of luminescent down-shifting (LDS) and
plasmon-enhanced luminescent down-shifting devices (PLDS). These included Ethanol,
Methanol, Dimethylformamide (DMF), Dichloromethane (DCM), Dimethyl sulfoxide
(DMSO), Acetonitrile, Toluene, Chloroform, Acetone as well as ultrapure water (ρ = 18.2
MΩ cm-1). For a typical trial, 1 mg of the solid was placed in 2 ml of the solvent under
consideration and the solution shaken vigorously with a Vortex mixer under standard
temperature and pressure conditions. The resulting solution was visually examined and
classified under one of the following categories; solution, suspension or non-soluble.
Partial solubility or fine suspensions were also considered as they offered the possibility
of enhancing the solubility of the compound under elevated temperatures [20], which are
frequently encountered the polymer processing or high efficiency heat-transfer
applications.
4.2.3

Spectroscopic characterisation
Throughout the study, a bottom-up approach was adopted, starting from a wide

basis of material candidates and reducing the scope of the investigation to only the highest
quality materials identified at each stage of the study. Evaluating each compound under
the same concentration and measurement parameters (slit width, optical path length, PMT
acceleration voltage etc.) enabled an inter-comparison to be performed, between the
absorption and emission capabilities of each compound. Each material was evaluated
under the following criteria;
▪

Absorption bandwidth

▪

Absorption efficiency

▪

Emission bandwidth
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▪

Emission efficiency

▪

Degree of spectral overlap between absorption and emission bands

▪

Further functionalization possibilities

▪

Novelty

The absorption and emission efficiency were quantified through integrated spectroscopy
[21, 22]. From these 27 different ligands the top 10 candidates were further investigated
in terms of their luminescent quantum yield (LQY) in solution.
4.2.3.1 Absorption and fluorescence inter-comparison
Solutions containing each compound at a concentration of 1.25 x 10-4 M - 1.25 x
10-6 M were prepared in DMSO, and their absorption spectra determined using a Perkin
Elmer Lambda 900 UV/VIS/NIR spectrometer using 10 mm path-length quartz cuvettes.
DMSO was selected as the solvent based on its excellent solvent properties ascertained
across the entire library of ligands catalogued. The subtle differences in the absorption
spectrum of a ligand were monitored as the concentration of the ligand was varied, to
identify any occurrences of aggregation (a common feature among heteroaromatic
molecules [23-29]). Subsequently the fluorescence spectra of each compound were
resolved using a Perkin Elmer LS-55 spectrophotometer to capture the light emitted at a
900 orientation to the excitation beam path, thus mitigating the impact of the excitation
source on the spectra recorded. Given the conjugated nature of the structures within the
library of materials evaluated, their emission spectra were studied under different
excitation wavelengths (285 nm – 425 nm); namely those corresponding to the λ
maximum absorption peaks for the numerous chromophores evident within each
molecule’s absorption spectra.
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4.2.3.2 Quantum yield measurement
The luminescent quantum yield (LQY) of each translucent liquid sample (ligand
immersed in DMSO) was determined using the relative method (full protocol outlined in
section 2.2.3.1). A combination of independent fluorescent standards including quinine
sulphate, harmane and harmine were employed to ensure the methods viability and
validity across the series of ligands investigated. The series of standards were selected
due to their well-established absorption range and photostability in their respective
solvents; 0.1 M H2SO4 (quinine sulphate) and toluene (harmane and hamine) [30-32].
This option was selected to minimise the uncertainties that can arise, when relying solely
on the optical properties of one fluorescent standard to compute the LQY of an unknown
material [30-33]. The absorption and corresponding fluorescent spectra of the leading 10
candidates identified from the initial library of ligands were recorded using the
combination of a Perkin Elmer Lambda 900 UV/VIS/NIR spectrometer and a Perkin
Elmer LS-55 luminescent spectrometer. Using 10 mm path-length quartz cuvettes, a stock
solution of known molarity (~1x10-4 M) was serially diluted until the absorption at the
excitation wavelength selected (380 nm) was ~ 0.1 A.U. Once this limit had been
achieved the sample was immediately transferred into the LS-55 luminescent
spectrometer and its fluorescence spectra recorded at the known concentration. The
sample was consecutively further diluted, and its absorption and emission spectra
recorded after each dilution under the same measurement parameters and experimental
conditions (temperature and relative humidity). This process was repeated until multiple
distinct absorption & emission spectra had been attained, allowing the fluorophore’s
characteristic correlation between its (1) absorbance at the excitation wavelength and (2)
accompanying integrated emission intensity, has been obtained. All measurements were
repeated independently in triplicate [30-32].
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4.2.4

Fabrication of LDS layers and devices
LDS layers were prepared on glass substrates of size 25 x 25 x 0.01 mm (L x W

x H) through the multi-stage protocol developed and outlined in figure 4.2. For a typical
preparation procedure, a 50 wt% Plexit 55 Röhm (Carl Roth Ltd) solution was prepared
with DMSO. DMSO was ideal, due to its complementary compatibility across the wide
range of fluorophore candidates adopted and studied within the PMMA matrix. The
resulting polymer solution was vigorously agitated (figure 4.2 i) via magnetic stirring at
500 RPM – 800 RPM for 60 minutes, to ensure the solvent was homogeneously dispersed
throughout the resin and that no trapped air remained prior to the addition of the
fluorophore. From a stock solution of known molarity (the fluorophore under evaluation
dissolved in pure high grade DMSO), the volume necessary to attain the required loading
concentration was added to 1 ml of the polymer solution in a separate PTFE beaker (figure
4.2 ii). A loading concentration range of ~0.008 wt% - 3 wt% (a wt% to molarity
conversion for each material is included in the appendix) was employed for each one of
the highest performing candidates identified in the inter-comparative study (section
4.2.2.1). The concentration of the stock solution was adapted to ensure that the volume
utilised was less than 80 μL, minimising any potential impact on the resulting layers
viscosity and corresponding thickness.
The fluorophore doped polymer solution was subsequently agitated via magnetic
stirring at 400 RPM for five minutes (figure 4.2 ii) in order to ensure a uniform
distribution of the fluorescent material throughout. Consecutively, using a pipette (or in
some cases a syringe), 1 ml of the solution was transferred onto a thoroughly cleaned
glass substrate (figure 4.2 iii). The substrate was housed within a G3-P8 Spin Coater
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(Speciality Coating Systems) and spun at 4000 RPM for 180 s, allowing 10 s for the spinup and spin-down processes.

Figure 4.2: The protocol developed for the production of good quality, highly fluorescent LDS layers for
solar applications, including all the individual stages involved: (i) PMMA polymer preparation using the
solvent of choice – DMSO (ii) Dispersal of the specific amount of the fluorophore stock solution
(fluorophore in DMSO), required to yield the wt-% loading, desired within the PMMA resin (iii) Dispersal
of 1 ml of the fluorophore doped PMMA resin, directly onto a thoroughly cleaned glass substrate (iv) Spin
coating applied using the optimal spin coating parameters identified during trials (4000 RPM for 180 s with
a 10 s dwell time either side of the primary stage) (v) the resulting LDS layers (2.5 cm x 2.5cm x 10 μm),
which require extensive annealing (vi) and further drying (vii) to remove any localised stress introduced
through the evaporation of the solvent during the spin process

Once completed, the substrate was carefully removed from the spin coater and
placed directly onto a preheated hot plate at temperature 50 0C to begin the annealing
process. This stage proved crucial as the low volatility of the DMSO ensured that even
after spinning at such high spin-speeds, a large amount of residual solvent remained.
Consequently, a marked reduction in the optical clarity of the films directly after spinning
had occurred. This initial annealing stage helped to remove the inherent stresses built-up
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in the layer throughout the spinning process [34-36] and improve its optical clarity. The
accelerated drying and annealing capabilities offered within a low-pressure environment
[34-36] were employed throughout the final stage of the preparation (figure 4.2 vii)
whereby the layer was placed within a vacuum oven set to a pressure of 100 mbar at 25
0

C for a total of 24 hours. Thereby, ensuring that any remaining internal stress or residual

solvent was minimalised if not totally removed.
4.2.5

LDS characterisation
To investigate dispersion of the fluorophore throughout the PMMA matrix a

Perkin Elmer Lambda 900 UV/VIS/NIR spectrometer was used adopting an undoped
‘blank’ replica layer as the reference. This allowed for any subtle deviations, owing to the
onset of aggregation or other chemical changes induced through the high spin speeds and
subsequent heat treatments to be monitored. Additionally, any divergence between the
solid structure’s spectra, and their corresponding molecular spectral counterparts could
be observed. The emission spectra of the solid layers were measured using an integrating
sphere in conjunction with a solar simulator (see section 2.2.2.2 for full description) to
deliver a simulated irradiance through a narrow band-pass filter (380 ± 10 nm) and excite
the samples within their optimal absorption window. The accumulated spectrum,
containing elements of scattering, excitation, reflection and emission was coupled into an
AvaSpec-2048 spectrometer. A spectral correction was applied to transform the emission
spectra into natural units of spectral irradiance, from which the sample’s absolute
quantum yield (PLQY) could be determined. As the loading concentration for each
molecule was increased, the emission spectra and the respective PLQY gives insight into
the development and progression of fluorescent quenching. The corrected emission
spectra also facilitated the identification of the optimal loading concentration, which was
deemed to be the concentration that maximised the number of emitted photons.
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4.2.6

LDS device performance
Small form factor (2.5 cm x 2.5 cm) aluminium back surface field (AL-BSF)

monocrystalline silicon solar cells (Big Sun Community Solar, Texas, USA) were used,
to examine the influence of each LDS iteration on the electrical conversion performance
of the PV cell. The devices were fabricated using an identical protocol to that outlined in
section 4.2.3, with an additional set of thicker (thickness ~ 300 μm) layers cast using the
same optimal loading concentrations identified during the optical characterisation stage.
The thicker layers, cast by the simple drop-casting technique, offered an insight into the
impact of the optical-thickness of the retrofitted structures on the dynamics of the
conversion process. The electrical performance of the modified devices was determined
through their current-voltage (I-V, see section 2.9.2 for full description of methodology)
response curve. The enhancement, offered by the optical and physical properties of the
distinct molecular structures, was determined by comparing the performance of the downshifting devices with the performance of a non-doped replica. This allowed for any
variation in the device’s electrical performance, to be directly correlated with structural
alterations made to the phenanthroline ring.
4.2.7

LDS Photodegradation Study
To pinpoint the location and climate most feasible for integrating the proposed

LDS devices, the photo-stability trials were divided up into two categories: (1) simulating
a moderate European temperate climate – see the countries highlighted in green in figure
2.14 c; and (2) those simulating harsher more tropical climate conditions – see the
countries highlighted in red in figure 2.14 c. In the temperate climate zones (Ireland,
England, Germany and other European countries) an irradiance of 0.30 - 0.35 W m-2 nm1

at 340 nm is considered representative [37], whereas in the extreme tropical climates of

Florida, sub-Saharan Africa or northern Australia an irradiance above 0.45 W m-2 nm-1 at
340 nm is common for most of the year and throughout the entire duration of the daily
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light cycle [37]. The irradiance values lying within the identified range corresponding to
each specific climate classification were taken to be the extreme case. This corresponded
to an irradiance of 0.30 W m-2 nm-1 for temperate climates and an irradiance of 0.50 W
m-2 nm-1 for tropical climates at 340 nm, respectively.
LDS layers utilised throughout the study were fabricated under the protocol
outlined in section 4.2.3 and embodied a wide range of loading concentrations (~0.008
wt% - 3 wt% - see the appendix for loading concentrations in their respective molarities)
to see if the degradation effects were indeed concentration independent. The layers were
subjected to the irradiance conditions outlined in conjunction with temperature range: 15
C – 25 °C for temperate climates and 25 °C – 40 °C for the tropical climates. Regular

°

spectroscopic evaluation of the layer’s absorption spectra was carried out using the Perkin
Elmer Lambda 900, until the resulting absorption spectra had diminished completely, or
the test had reached a considerable period of exposure (~100 hrs). Given that the intensity
across the XE-3 sample tray might vary [38, 39], the samples position on the tray was
continuously rotated.
4.3 Results and Discussions
4.3.1 Ligand Inter-Evaluation: Selecting The Highest Performing Candidates
The push-pull dynamics of the transfer of charge within Phen was carefully
controlled through modifications in its molecular architecture at the 5,6- position (figure
1.8 a) which drove a divergence between the aromatic scaffolding’s characteristic closely
overlapped molecular orbitals. These changes in the electronic configuration were
initiated using the electron-rich five-membered heteroaromatic imidazole, whose
nitrogen atoms provided the protonation point for the substitution reactions, and thereby
allowed the various functional moieties to be included along the conjugation pathway.
The chromophoric nature of each iteration of the ligand, i.e. the energy separation
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
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molecular orbital (LUMO) originated through the incorporation of heterocycles which
were excessive (‘donors’) or deficient (‘acceptors’) in electron density. Within such a
system

the

electron

excessive/deficient

heterocycles

behaved

as

secondary

donors/acceptors, complimenting or diminishing the electronic characteristics of the
pristine framework, once they had been interconnected alongside the electron deficient
Phen heterocycle. The impact of each substituent (see table 4.1) on the electronic
absorption and the corresponding fluorescent emission spectrum, of the series of newly
developed π-conjugated heteroaromatic Phen derivates are provided in figures 4.3 (a – l),
4.4 (a – l) and 4.5 (a – e).
The absorption band across all the ligands explored exhibited a confinement to
the ultraviolet spectral region (250 nm – 400 nm), which is not only the targeted spectral
window for LDS applications but remains the minimal requirement for highly efficient
approaches towards effective ‘down-shifting’ [5, 6].

Although the position of the

absorption band remained strongly influenced by the overall structure of the substituted
heterocycle, a signature absorption contribution corresponding to the imidazo[4,5f][1,10]phenanthroline core remained strikingly evident across the family of ligands,
especially within the 250 nm – 300 nm window where Phen (figure 4.3 a) is classically
active [16, 17]. The higher wavelength (300 nm – 400 nm) components evident in the
absorption spectra originated from the individual contributions arising from the
substituent chromophore (anthracene, coumarins, phenyls, and/or other benzene
derivatives), incorporated onto the Phen ring. In addition, further augmentation of the
molecule’s planarity and conjugation pathway through the substituted heterocyclic
moiety aided in the extension of the absorption tail into the visible region; specifically
P166 (figure 4.3 l), P183 (figure 4.4 d), P185 (figure 4.4 e), P205 (figure 4.4 i), P254
(figure 4.4 l) and P282 (figure 4.5 b). Although the structure of P122 (figure 4.3 e), P135
(figure 4.3 i), P136 (figure 4.3 j) and P138 (figure 4.3 k) have been excluded from figure
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4.3, they can for deliberation be considered alkylated versions of P205, P282 and P183.
The addition of an alkyl substituent serves to further stabilise the phenanthroline ring,
through electron donating inductive effects [16, 17, 40, 41]. This translated either into an
immense enhancement in the strength of the absorption contribution arising from the core
of the ligand (figure 4.3 i, j, k) or an even greater extension of the absorption tail into the
visible region (figure 4.3 e). However, although these alkylated derivatives are presented
here for spectroscopic comparison, they will remain the subject of a 2nd phase trial in the
future, which will build upon the structures, insights and performances gathered from this
initial phase of the study. A complementary overview of the absorption contribution
across the family of ligands, partitioned into distinct spectral windows including UV-A
(315 nm – 400 nm), UV-B (280 nm – 315 nm), UV-C (200 nm - 280 nm) and the visible
region (400 nm and above) is presented in figure 4.5 f for convenient comparison.
An ideal fluorophore for LDS applications must not only capture the energy from
within the target spectral window where the energy is inefficiently harvested by the PV
technology, but re-radiate the energy across a wavelength range where the PV material
exhibits a much greater spectral response. This wavelength range is highly dependent upon
the material characteristics of the technology. Thus, developing technologies such as dye
synthesized solar cells exhibit peak responsivities ~600 nm [42], while older more
developed technologies such as Si based architectures have peak conversion performances
close to 1000 nm [43-45]. Across the library of candidates catalogued (figure 4.3 a – l,
figure 4.4 a - l, figure 4.5 a - e) the spectral position of the emission band as well as the
intensity of the emission were influenced by the overarching structures planarity, rigidity,
conjugation and the presence or absence of certain known fluorescent quenchers.
Although most of the structural iterations emitted close to the 450 nm – 500 nm range,
the intensity of the emission was heavily modified through the inclusion of well-known
fluorescent quenchers including aniline (P273, figure 4.5 a), (P254, figure 4.4 l),
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Figure 4.3: (a - l) Absorption (cyan) and emission (wine) spectra of the fluorescent candidates (phen –
P166) at a fixed concentration of 1.25x10-6 M in pristine DMSO. The spectra were acquired using the same
measurement parameters (slit width, optical path length, PMT amplification, integration time etc.) and are
corrected for the spectral response of the detector. The candidates’ molecular structure as well as its
assigned abbreviation is also provided in the inset. The structure of P122, P135, P136 and P138 have been
excluded as they can for deliberation be considered alkylated versions of P282, P205 and P183.
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Figure 4.4: (a - l) Absorption (cyan) and emission (wine) spectra of the fluorescent candidates (P172 P254) at a fixed concentration of 1.25x10-6 M in pristine DMSO. The spectra were acquired using the same
measurement parameters (slit width, optical path length, PMT amplification, integration time etc.) and are
corrected for the spectral response of the detector. The candidates’ molecular structure as well as its
assigned abbreviation is also provided in the inset.
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Figure 4.5: (a - e) Absorption (cyan) and emission (wine) spectra of the fluorescent candidates (P273 P287) at a fixed concentration of 1.25x10-6 M in pristine DMSO. The spectra were acquired using the same
measurement parameters (slit width, optical path length, PMT amplification, integration time etc.) and are
corrected for the spectral response of the detector. With each candidates’ molecular structure as well as its
assigned code is also provided in the inset. (f) spectral breakdown (%) in the absorption bandwidth of each
fluorophore into the following spectral regions UV-A (315 nm – 400 nm, wine), UV-B (280 nm – 315 nm,
cyan), UV-C (200 nm - 280 nm, green), and Visible (> 400 nm, yellow). (g) Integrated absorption (QA green) and emission (QE - orange) spectra for each candidate at a concentration of 1.25x10 -6 M in pristine
DMSO, with the top performers indicated via red asterixis
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fluorophenyl (P286, figure 4.5 d), bromophenyl (P284, figure 4.5 c) and coumarin (P7,
figure 4.3 c). Structures whose molecular scaffolding contained pyrene (P282, figure 4.5
b) or assorted benzene derivatives (P183 – figure 4.4 d, P205 – figure 4.4 i and P166 –
figure 4.3 l) offered the best balance in terms of their absorption bandwidth and the
intensity of the emission they provided. Another key consideration, when designing a
photoluminescent material is the Stokes-shift that the structures exhibit, which is typically
defined in terms of the difference between the luminophores peak absorption and
emission wavelengths [46].
The emission spectra of most of the ligands studied, shown in figures 4.3 (a - l),
4.4 (a - l) and 4.5 (a - e), indicates that there is very little spectral overlap between the
absorption and emission bands. This represents another advantageous aspect of the
molecular design as, typically, ligands suffer some major drawbacks in terms of their
small Stokes shift, which, in turn, can lead to fluorescent quenching, increasing the
energetic favourability of non-radiative decay modes in the process [5, 47-51]. The
energy transfer mechanisms available within the internal structure of a specific candidate
are reflected through modifications in the photophysical behaviour of the material, within
the confines of the inter-comparison performed. Hence, the structures which were
identified as absorbing heavily over the targeted spectral region (250 nm – 450 nm) do
not directly correspond to the structures which can effectively convert this energy into a
more energetically favourable spectral window. This is evident across the series of ligands
classified when comparing the intensity of the absorption (QA - figure 4.5 g, green) and
the emission (QE – figure 4.5 g, orange) they provide at a fixed concentration of 1.25 x
10-6 M. Adopting this approach allowed only the best candidates to be selected for the
subsequent parts of this trial, screening out the molecular alterations that delivered a
‘poor’ optical performance for the intended application. Based on the spectroscopic
performances highlighted in figures 4.5 f & g, the top ten candidates selected for inclusion
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in the next stage of the tests were, in no particular order, P204, P282, P187, P205, P183,
P166, P121, P182, P245 and P197 (highlighted in figure 4.5 g with red asterixis). Given
the active role of ligands in sensitizing metal coordination centres during the formation
of coordination complexes, these same candidates represent favourable consideration as
polydentate ligands used to fine-tune the optoelectronic properties of the rare earth-based
coordination complexes.
4.3.2

Luminescent Quantum Yield (LQY) of the most promising candidates
Determination of the LQY remains the pre-eminent method used to assess the

potential of a fluorescent material and judge its suitability for spectral conversion
applications such as LDS, PLDS or SBS [7, 30-33]. Given the qualitatively high
performance exhibited by the promising materials in the spectroscopic inter-comparison,
a more quantitative definition of their spectrofluorometric capability remained warranted.
The LQY of the top-performing candidates originally drafted is presented in figure 4.6,
with the values presented calculated through the implementation of two standalone
fluorescent standards - harmane and quinine sulphate. Harmine, although formerly
proposed as an additional fluorescent standard was excluded from the study, due to its
lack of ability to accurately predict the known LQY of the other two materials during the
standardised calibration of the fluorescent standards.
Three of the organic ligands (P205, P282 and P205) previously recognized as the
most versatile molecular frameworks during the initial spectroscopic evaluation exhibited
close to unity quantum yields (figure 4.6), making them ideal candidates for LDS and
SBS applications. The presence of the highly electronegative substituents benzonitrile
(P205), benzene (P183) and pyrene (P282) contributed to the extremely luminescent
nature of these species, whose LQY’s were determined as 0.98 ± 0.05, 0.84 ± 0.04 and
0.85 ± 0.04, respectively. The molecular backbone of the remaining ligands incorporated
less electronegative substituents, and, in turn, they exhibited a large degree of non152

radiative energy transfer as elucidated through the moderately low LQY’s (< 0.6) they
promoted (figure 4.6). The increased non-radiative decay modes evident in these ‘poorly’
emitting fluorophores (figure 4.6) makes their potential role more appealing and
rewarding in solar thermal applications where localised heat generation and transfer is a
favourable consideration.

Figure 4.6: Luminescent quantum yield (LQY) of the top 10 performing fluorophores identified during the
spectroscopic inter-comparison, with the values shown representing the resultant average of the LQY
ascertained through the implementation of two-standards, quinine sulphate and harmane. The candidates
are divided into two main applications, those which favour radiative transitions (LDS candidates, green)
and those which favour localised heat generation through non-radiative modes (heat transfer fluid
candidates, black)

To gain a deeper understanding of the factors responsible for the LQY
modulation, density functional theory (DFT) and time-dependent density functional
theory (TDDFT) would need to be performed using the empirical spectroscopic data
acquired for this family of ligands [52, 53]. The combination of these computational
approaches would not only allow a detailed depiction of each ligand’s electronic band
structure and for the corresponding transition states to be fully resolved, but they will
further permit the rationalization of the factors effecting the radiative and non-radiative
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pathways through additional functionalisation attempts [52, 53]. However, such
calculations are beyond the scope the present work.
4.3.3

Photophysical characterisation and optimisation of the LDS layers
The optical spectral features of the P282, P205 and P183 fluorophores

encapsulated in moderately thin (10 µm) PMMA films are reported in figure 4.7. The
three fluorophores in PMMA displayed absorption features (figure 4.7; P282 – a, P205 d, P183 - g) in accordance with their molecular counterparts (figure 4.5 b – P282, figure
4.4; P205 - i, P183 – d) and showed very little signs of aggregation over the 0.0078 wt%
- 3.0 wt% concentration range explored (figure 4.7, P282 – a, P205 – d, P183 -g). It is
noted that the absorbance of the films was dramatically increased by increasing the
concentration of the P282 (figure 4.7 a) and P205 (figure 4.7 d) ligands. This increase
could be potentially accompanied by an expansive vibrational profile as the molecular
transitions acutely resolved in the molecular spectra became less discernible [54].
However, this assertion would need to be clarified by an independent infrared
spectroscopic examination of the photo-selective polymers behaviour, under differential
loading concentrations. When combined with the amorphous nature of the polymer, the
distribution of the fluorophore throughout and the surface roughness (~0.5 µm) of the
films provided via the deposition method, the source of this spectral broadening becomes
convoluted. Conversely P183, owning to its modest solubility in the phase transfer solvent
(i.e. DMSO), proved difficult to disperse homogeneously throughout the PMMA network
(figure 4.7 g). Slight deviations from the Beer-Lambert law (insets of figure 4.7 a, d, g)
were reported at moderate (< 0.1 wt%) to extremely high (> 2 wt%) loading
concentrations. Their origin is likely stemming from the formation of dimers and other
higher-order aggregates whose formation is expected in molecular systems containing
aromatic derivatives, especially at the loading percentages employed [4-6, 23-29]. This
suggests suitable favourability of the P282 and P205 fluorescent ligands towards
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interaction with the PMMA host-matrix, which could assist in the promotion of the
molecule’s stability within the polymeric network [54].

Figure 4.7: (a, d, g) Absorption spectra of the PMMA based LDS layers, encapsulating the top three
performing candidates (P282, P205 and P183) over the 0.00078125 wt% - 3.00 wt% concentration range:
with the absorption as a function of concentration provided in each inset. (b, e, h) Emission spectra of the
LDS layers as a function of loading concentration, with the integrated emission intensity vs concentration
displayed in each inset: whereby the optimal loading for each material is highlighted with a blue circle. (c,
f, i) Absolute photoluminescent quantum yield (PLQY) of the LDS layers as a function of loading
concentration, with the optimal loading identified for each candidate specified with a blue square – whereby
each inset provides the corresponding variation in the peak emission wavelength (λe)
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In contrast the fluorescent spectra of the photo-selective PMMA films (figure 4.7;
P282 – b, P205 - e, P183 – h) showed a remarkable dependence on the concentration of
the ligand and allowed significant insights into the aromatic systems physical behaviour
within the polymeric framework to be inferred. Consider the emission spectrum of P282
shown in figure 4.7 b, upon transfer from the highly polar phase-transfer solvent DMSO
(ε ~ 47) into the moderately non-polar PMMA (ε ~ 3) the full width at half maximum
(FWHM) of the emission profile becomes narrower, reducing from 81 nm (figure 4.5 b)
in the solvent to 53 nm in the solid film (figure 4.7 b), while the peak emission wavelength
(λe) remained close to 460 nm. Given the rigidity of PMMA, the narrowing of the
emission profile likely originated in the restriction of specific vibrational and rotational
transitions, once the ligand had become fully immersed in the polymeric lattice [54].
However, this aspect of the molecules’ physical behaviour within the layer would need
to be investigated in the future.
As the concentration of the ligand within the layer was gradually increased, further
significant changes in the overall spectral profile become observable (figure 4.5 b). Most
noticeable is the distinctive shift in λe often accompanied and characterised by the
formation of dimers and other higher molecular-weight aggregates - whose
contribution(s) negatively influence the emissive capabilities of the molecule [23-29, 55,
56]. This simplified analogy of the molecular behaviour does not even begin to consider
the negative impact of self-absorption and/or the possibility of the formation of other
more intricate molecular arrangements within the host material [23-29, 55, 56]. Two
fundamental types of molecular aggregates (J-type, H-type) are typically created when
aromatic and/or planar molecules are infused throughout a polymeric material, namely
side-by-side (or J-type) or face-to-face (or H type) aggregates. The distinction between
the two is arising from subtle differences in the molecular arrangement instigated between
neighbouring species [29, 54]. Ligand molecules distributed across a single plane within
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the overarching PMMA film can form side-by-side molecular arrangements called Jaggregates. Alternatively, the ligands can organise into face-to-face molecular
arrangements with adjacent molecules residing above or below the plane called Haggregates [29, 54]. The behaviour of J-aggregates of similarly structured fluorophores is
well explored and their continued formation is correlated with a distinguished red-shift in
the emission spectra [29, 54]. The formation of H-aggregates is linked with an opposing
blue-shift in the emission wavelength [29, 54]. Furthermore, excimers also known as
‘excited state dimers’ can also be formed through the association of excited and unexcited
molecules, which additionally encourages non-radiative relaxation pathways within the
hybrid material. The aggregates formed often prove not only to be weakly emissive and
quenching the fluorescent intensity, but their presence also prompts a reduction in the
overall LQY of the encapsulated material [23-27, 29, 51, 54, 55]. Given the finite
dimensionality of the photo-selective PMMA films deposited, a dynamic combination of
the competing H-aggregate, J-aggregate and excimer formation processes is anticipated.
The formation of each type of aggregate within the P282 system was tracked
spectroscopically through the subtle modifications registered in the emission intensity
(figure 4.5 b - inset) in association with the spectral-shift induced in the emission peak
(figure 4.5 c – inset). The behaviour of the P282 molecular framework in PMMA exhibit
a tendency to energetically favour side-by-side molecular arrangements, evidenced
through the characteristic red-shift revealed in λe (figure 4.5 c - inset). In addition, a small
contribution deriving from the formation of H-aggregates was also noted at moderate
loading concentrations – the blue shift seen in the inset of figure 4.5 c.
The influence of concentration on the LQY of P282 (PLQY in figure 4.7 c)
provides even more insight into the dispersion and aggregation state of the molecule(s)
dispersed throughout the matrix. An initial 20 % reduction in the LQY (figure 4.6) was
observed upon the successful transfer of the molecule to within the PMMA network.
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Although PMMA was chosen because of its excellent optical transparency, film-forming
properties, and ease of solution processability, the polarity of the phase transfer solvent
used can have a strong influence over the luminophores LQY [51, 57]. Hence, the
extremely high LQY values resolved through the comparative method (figure 4.6) may
have been influenced by the choice of solvent – DMSO [51, 57]. The continuous decline
experienced in the LQY under increased loading concentrations (figure 4.7) resonates
with the formation of aggregates. Their modestly emissive nature contributes to an
apparent broadening of the quantum yield at certain loading percentages, indicated
through the deviation in the LQY value reported (error bars in figure 4.7 c for example).
The LQY of the remaining candidates (figure 4.7; P205 – f, P183 – i) suffered an even
greater deterioration in their photoluminescent efficiency, once constrained within the
polymer. Both P205 and P183 experienced an almost 50 % reduction in their LQY (figure
4.8), and while these LQY’s may seem sufficient, it must be remembered that any nonunity quantum yield will increase the losses from re-absorption which occur in an LDS
device. The possible reactivity of the fluorophores towards chemical additives present in
the Plexit 55 resin (PMMA) may be additionally intertwined with the reduction in
performance, as a commercial PMMA based resin is frequently known to be stabilised
through the inclusion of several additives [58]. Although the exact chemical structure of
these additives was not explored (their list also being protected by the manufacturers),
stabilising agents are typically known to embody a reducing character and be selectively
destabilising towards certain fluorescent compounds [58]. This divergence between the
behaviour of the P183, P205 and P282 molecular systems when embodied within the
PMMA lattice (and their preference to form discrete molecular arrangements) within it is
likely to be influenced by the chemical and physical properties generated by the
substituent moiety present [54, 59]. A direct comparison between the optical properties
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of each of the materials in their respective solid (PMMA) and liquid (DMSO) phases is
provided in figure 4.8.

Figure 4.8: Spectroscopic summary of the top three performing organic materials (P282, P205 and P183)
at their respective optimal loading concentrations (P282 - 0.0625 wt%, P205 – 0.015625 wt%, P183 –
0.0078125 wt%) in liquid and solid states. Each materials LQY is also highlighted, with LQY* referring to
the PLQY of the solid fluorescent polymer layers

4.3.4

Electrical characteristics of the optimised LDS devices
The optimal loading concentration for each ligand was identified through the

loading percentage that yielded the maximum fluorescent intensity (blue square in the
inset of figure 4.7; P282 - b, P205 - e, P183 - h) and it was found to be 0.063 wt%, 0.016
wt% and 0.0078 wt% for P282, P205 and P183, respectively (see the appendix section
for the concentration in terms of molarity). The equivalent concentration of each distinct
molecular scaffold was subsequently incorporated in LDS devices built upon a mc-Si
architecture, thereby, ensuring that the most intense luminescence from each molecule
was imparted upon the conversion dynamics of the cell. Before any correlation between
the optical properties of the LDS layer and the electrical performance exhibited through
159

retrofitting of the cell can be concluded, it is important to first understand the influence
of the pristine polymer on the overall properties of the device [5, 18].
Including an additional semi-transparent layer into a PV collection system is well
known to further promote the reflection losses arising from the front surface [5, 6]. This
was confirmed through the amendments registered in the reflection spectra of the blank
device(s) in figure 4.9 a. The extremely low reflectance of the pristine device (figure 4.9
a – black line) reveals just how effective the industrial standard of anti-reflective
structures are at addressing the front surface reflections, and why the majority of the loss
mechanisms inherent in this commercially mature technology have been largely
addressed at manufacturing stage. Regardless of the thickness of the polymer deposited,
either in the form of relatively thin (10 µm – figure 4.9 a, red line) or moderately thick
(300 µm – figure 4.9 a- blue line) films, the result was a 4 % - 5 % and 5 % - 6 % increase
in the reflectance across the entire 200 nm – 1000 nm window. This indicates that even
without the presence of an absorbing species (luminophore), the encapsulating layers
introduce additional losses into the system which must be compensated by the
fluorescence provided by the P282, P205 and P183 ligands. The two alternative thickness
profiles were chosen as they allowed the interplay between the casting method and the
molecular structure of the ligand on the resulting distribution of each luminophore to be
examined once the luminescent species had been added into the device. The subsequent
impact of each PMMA film on the current-voltage (I-V) characteristics of the cell (figure
4.9 b) confirms a decrease in efficiency (1 % - 2 %) accompanies the heightened surface
reflectivity. SEM analysis of the pristine cells front surface (figure 4.9 c) reveals the
source of this behaviour, displaying a surface textured with a multitude of randomly
distributed three dimensional pyramids – synonymous with a surface textured
antireflection coating [60, 61]. The textured elements with feature sizes on the order of
several micrometres (figure 4.9 c) provide: (1) a reduction in the surface reflectivity, (2)
160

an increase in the amount of internal reflection – which in turn prevents more light from
escaping the cell and (3) an increased optical path length inside the architecture which
leads to an enhanced optical absorption [60, 61]. Hence, through the consecutive
deposition of LDS layers it is highly likely that one or more of these mechanisms will be
undermined. Ideally, an LDS system should not only outperform the retrofitted blank
devices performance, but it should improve upon the efficiency of the pristine device.
However, this expected idealised scenario is non-practical as upon interweaving the
individual mc-Si solar cells into industrial scale modules - a complementary
encapsulation layer (individual layers of glass and a polymer) is always added to help
protect the panels from moisture and impact [62, 63]. Therefore, it was more appropriate
to compare the performance between the undoped (blank) and doped (LDS) devices –
when analysing the influence of each molecule on the conversion efficiency.
Alternatively, the LDS layers could be inserted at the manufacturing stage i.e. prior to the
addition of the encapsulating layer. Moreover, the LDS layer could play its role as well
as it has the required mechanical and physical properties reducing, consequently, the cost
and improving the cell efficiency.
The influence of each molecular structure on the conversion performance of the
mc-Si when retrofitted with relatively thin spin-coated (a, c, e) and moderately thick drop
casted (b, d, f) LDS layers is highlighted in figure 4.10. The increase in the photo-current
generated through the inclusion of the P282 (figure 4.10 – a), P205 (figure 4.10 – c), and
P183 (figure 4.10 – e) molecules when encapsulated in relatively thin spin-coated LDS
can be observed. Surprisingly, the highest improvements in efficiency were obtained
using the two molecular structures (P205, P183) which displayed significantly lower
LQY’s once they were immersed in the polymer (figure 4.8). Considering the moderate
solubility of the two materials in the phase transfer solvent DMSO – showcased in the
insets of figure 4.10 b and figure 4.10 e, the possible influence of the formation of larger
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clusters and/or differences in crystallisation behaviour within the polymeric matrix cannot
be ruled out. Furthermore, the scattering contributions stemming from these divergences

Figure 4.9: Reflectance spectra of the pristine mc-Si cell (black) and the accompanying increased
reflectance introduced through the incorporation of a drop cast (blue) and spin coated (red) ‘blank’ PMMA
coating. (b) The I-V response curve of the pristine (black) device in addition to the drop cast (blue) and
spin coated blank’ devices, and their corresponding conversion efficiency (η). (c) The textured
antireflective coating etched into the Si cells surface, as revealed through SEM analysis.

in physical characteristics could have further altered the interaction of light with the
textured surface lying underneath the protective photo-selective polymer coating.
Consequently, these contributions could promote the enhanced collection of light
registered in the I-V response curves of the two devices (P205 – figure 4.10 c and P183
– figure 4.10 e). Despite these differences all three molecules still gave an absolute
enhancement in the conversion efficiency ranging from 0.4 ± 0.05 % (P282 – figure 4.10
a) to 0.93 ± 0.05 % (P183 – figure 4.10 e) – further highlighting the potential of the
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molecular arrangements for LDS applications. Although this enhanced effect may seem
inconsequential in magnitude, one should consider the advancements in conversion
efficiency achieved through modifying the fundamental architecture of the same
technology over the last decade – ~2% (highlighted in figure 1.1 e)
Increasing the optical-path length within the down-shifting layer while keeping
the concentration of the fluorophore fixed resulted in a significant impairment in the
underlying devices capacity to effectively convert light into usable electrical power
(figure 4.10 – d, f). Conversely, the P282 molecule still retained its promise as an effective
emitter (figure 4.10 - b) despite the larger polymeric manifold – leading to a 1.2 ± 0.1%
enhancement in the conversion efficiency. This effect is seen despite the lack of
compensation required through the concentration of the ligand to account for the
additional increase in optical thickness, indicating that an even greater enhancement may
be available through further refinements in the concentration of this ligand. One possible
explanation for this divergence between the behaviour of the spin-coated and drop-casted
P282-LDS devices is the additional temperature the thicker layers were subjected to in order to
ensure they were fully cured and annealed prior to testing.
This additional 2 – 4 hrs in the low-pressure drying environment (figure 4.2) could
have supported additional thermal diffusion and molecular rearrangement of the dispersed
fluorophore within the matrix and, thereby, altered the spectrofluorimetric properties of
the photo-selective layer [29,51]. Therefore, through limiting the thickness of the LDS
layer the quantity of materials consumed and the corresponding cost of the retrofitted
structure can be decreased, with very little if any noticeable decline in the enhancement
offered through the molecular strategy adopted. In addition, the P282 ligand warrants
further exploration in thicker and more heavily absorbing films as the possibility of even
greater enhancements in performance seems reasonable.
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Figure 4.10: I-V response curve and conversion efficiency of LDS fitted mc-Si devices fabricated using
spin coating (a – P282, c – P205, e – P183) and drop casting (b – P282 at 0.0078125 wt%, d – P205 at , f P183 at) fabrication pathways, with the accompanying structure of each molecular framework provided for
convenient comparison

4.3.5

Photostability
The evolution of the UV-VIS absorption spectra of thinly coated LDS layers

containing the P282 (a & b), P205 (b & c) and P183 (d & e) ligands at their optimal
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loading concentrations - under the exposure of a continuous irradiance is depicted in
figure 4.11. In order to highlight any differences in the rate of photodegradation
experienced by the two prominent peaks characteristic of the two absorbing groups
present within the phen based chromophores, their relative intensities were monitored
throughout the entire exposure cycle (presented as insets in figure 4.11). The shorter
wavelength absorption peak situated at 280 nm – 285 nm (black squares) is associated
with the absorption of the phenanthroline core of the heteroaromatic molecule, while the
longer-wavelength absorption peak (340 nm – 375 nm, green triangle) is considered the
substituent moiety on the aromatic phen ring. . Under the moderate exposure conditions
representative of a European climate the substituent molecule (282 – pyrene, 205 –
benzonitrile, 183 - benzene) shows considerable degradation after less than 10 hrs
exposure ,whereby a 33 % (P282 - figure 4.11 a), 37 % (P205 - figure 4.11 c) and 25 %
(P183 - figure 4.11 e) relative decrease in absorption intensity was observed.
Over the remaining 90 hrs of exposure a further 25 % (P282), 20 % (P205) and
40 % (P183) decline in the intensity of this spectral component was witnessed, while the
short-wavelength absorption contribution revealed an insignificant variation. This may
suggest that the degradation mechanism for the heteroaromatic molecule initiates with
the disruption of the substituent attached to the phen core, the latter appearing to be much
more resilient to photo-degradation as showcased in figures 4.11 a, c and e – green
triangle. The disruption is most probably facilitated through the rupture of the imidazole
aromatic which effectively binds the substituent moiety onto the phenanthroline ring. As
a result of the combined action of the irradiation and oxygen rich atmospheric conditions,
the radical species formed as a consequence of the photoreduction of the imidazole
structure can subsequently undergo a series of oxidation or crosslinking interactions with
other neighbouring reactive species [64]. Eventually even the polymer matrix itself
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Figure 4.11: Structural integrity of the top three performers (P282, P205, P183) encapsulated within a 10
µm thick PMMA network under the continuous bombardment of photoirradiation simulating two alternate
climate scenarios, temperate (a, c, e) and tropical (b, d, f). With the peak absorption at two different spectral
windows (285 nm, black squares) and (350 nm – 375 nm, green triangles) as function of exposure time
highlighted in each inset. The decoupling of the two absorption peaks, allowing any changes in the
phenanthroline ring or the substituted moiety to be monitored continuously
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experiences photoinduced degradation effects, which in turn can further contribute to the
destabilisation of the heteroaromatic molecules [64]. In order to support the proposed
degradation mechanism a complementary in-depth structural analysis of the LDS films
would need to be carried out at various exposure intervals in order to conclusively register
the acute chemical changes induced in the photo-selective PMMA films [64]. In a more
extreme tropical climate condition, the same scenario enfolded, but at a substantially
faster pace (figure 4.11 – b, d, f). Even at these elevated irradiance conditions the
absorption component correlated with the core of each ligand remained structurally intact,
with the intensity of the signal in some instances even increasing over the exposure cycle
(P183 - figure 4.11 f). Structurally this can be attempted to be explained by carefully
examining the structure of P183 in figure 4.4 d, whose distinctive structure symmetrically
includes two phenanthroline moieties. Under the continuous bombardment of irradiation,
the benzene moiety becomes liberated from the ligand through photoinduced dissociation,
leaving the two phenanthroline cores directly exposed to the incoming solar flux. Given
the intense absorption contribution arising from even minute amounts of pristine
phenanthroline in figure 4.3 a, the twofold increase in its presence directly in line with
the deterioration of the imidazole linking-molecule, when exposed to such an extreme
irradiance, could help to explain the structures behaviour within the photo-selective
PMMA film. Again, this would need to be confirmed through a complete structural study
of the film’s chemical and physical structure when subjected to these environmental
conditions.
4.4

Conclusion
The influence of a series of monosubstituted heteroaromatic moieties over the

photophysical properties of an imidazole[4,5-f][1,10]phenanthroline ligand was
investigated for their potential role in solar energy conversion applications. Through the
changes initiated in the aromatic molecules structure the absorption profile was fine-tuned
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to heavily absorb over the 300 nm – 500 nm region, where most commercial and noncommercial PV technologies suffer from low conversion efficiencies. Three of the
structural iterations seem to adequately surpass the optical requirements imposed on LDS
material candidates as they exhibit an extremely high LQY (0.8 – 0.95). The physical
behaviour of the three candidates when immersed in relatively thin (10 µm) PMMA films
was thoroughly explored and the optimal concentration determined. The absolute
quantum yield of the photo-selective PMMA films revealed aggregation processes which
resulted in a deterioration in the LQY by 20 ± 5 % - 50 ± 8 % depending upon the
fundamental properties of the substituent moiety. Fitting of the optimised LDS layers onto
a series of mc-Si cells promoted an 0.40 ± 0.05 % - 0.93± 0.05 % absolute enhancement
in the conversion efficiency of the tested technology. In addition, the photo-degradation
of the films was studied to access the long-term susceptibility of the layers towards the
in-situ environmental conditions typically encountered across solar applications.
Although the layers exhibited degenerative effects under the artificial climate conditions
instigated, the molecular strategies developed show great premise for further expanding
the library of fluorescent candidates suitable for LDS, PLDS and SBS applications.
Alternatively, through modification of the substituent moiety the fluorescent processes
deemed favourable for spectral conversion applications can be diminished to yield
moderately to lowly fluorescent candidates whose quantum yield ranges from 0.2 – 0.6;
making them ideal candidates for solar thermal applications whereby non-radiative
energy transfer is a favourable consideration.
4.5
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Chapter 5
Splitting The Solar Spectrum Using Organic Luminescent Down-Shifting
Optical Filters For Hybrid PVT Collector Applications
5.1

Outline
In efforts to bridge the gap between the maximum conversion efficiencies

achievable and those currently attained with standalone photovoltaic (PV) and
photothermal (PT) technology, merging the two approaches into a single hybridized
photovoltaic-thermal (PVT) collector represents one of the most promising avenues.
When combined with the capability of spectral beam splitting (SBS), provided either
through highly tuned optical cavities or specifically designed liquid filters, to modulate
the thermal and electrical output of the combined heat and power unit - the potential
application of the device’s become endless. In order to effectively control the spectral
characteristics of the partitioning of the solar spectrum into its distinctive ‘thermal’ and
‘electrical’ components, liquid optical filters represent a more readily adaptable, scalable
and cost-effective approach. Traditionally, the liquid optical filter has been comprised of
nanoscale structures suspended in a suitable base fluid in order to capitalise on the
enhanced heat transfer capabilities afforded through the highly attuned surface
morphology of the nanostructures. However, for this type of working fluid to offer a
tangible alternative to some of the more commercially mature (single-phase) heat transfer
fluids currently employed in PVT collection systems, allot of underlying issues
(instabilities, costly fabrication, environmentally hazardous) must be addressed.
In this study an alternative strategy in which a set of newly developed organic and
organometallic derivatives of [1,10]phenanthroline were employed as hybridised heat
transfer fluids within an SBS-PVT system. This type of working fluid was designed to
mimic the behaviour of luminescent down-shifting structures in a liquid, whilst also
affording enhanced thermophysical characteristics over the corresponding base fluid.
This complementary optical and thermophysical behaviour contributed to an intensified
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rate of heating within the working fluid’s, while their fluorescent capability makes them
exceedingly suitable for addressing some of the shortcomings identified in alterative
working fluid strategies. Integration of the hybridised working fluid’s (as liquid optical
filters) within a conventional SBS-PVT system enabled optical efficiencies as high as
63% to be realized, a marked improvement over the 18% to 20% captured with standalone
PV technology. These additional modifications in the spectroscopic properties of the fluid
resulted in a subsequent 2% to 61% increase in the economic value of the energy captured,
when compared with the PVT system employing the pristine base fluid. Overall, the
results of the present work provide a novel organic basis for effectively designing high
performance spectrally selective heat transfer fluids for SBS-PVT applications.
5.2

Introduction
As the need for affordable, scalable and dispatchable alternative energy solutions

remains ever present [1-5] coupling photovoltaic (PV) and photothermal (PT)
technologies together can offer a more effective way to minimise energy loss as it exploits
the potential synergy between the two or more conversion processes [6]. Thermal energy
remains an unwanted remnant of most conversion processes and its abundance is also
correlated with a decrease in the ability of some conversion technologies, including PV,
to perform at their peak conversion efficiencies [7-9]. One attractive hybridisation option
seems to be coupling of PV and PT systems into a combined photovoltaic-thermal (PVT)
unit capable of maximising the cooperative interactions between the two conversion
technologies [6, 10-12]. In a classical hybridisation, the two similar elements, the
electrical component (PV) and the thermal component (PT), are encased in a standardised
PVT collector in which both remain in physical contact [5, 6]. These standardised
collector designs are restrictive in terms of their fixed spectral characteristics and their
inability to enable high operating temperatures within the thermal component [5, 6, 13,
14]. The heat leakage emanating from the physical proximity of the two competing
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technologies, additionally served to increase the operating temperatures in which the PV
component was subjected t. These factors are forcing the system to operate under sub
maximal conditions [5, 6, 13, 14]. Within a standard PVT collector design, this ‘wasted’
heat resulted in the PV module operating at electrical efficiencies ~22 % below their peak
performance criterion [15]. Thereby, this is forcing an even greater compensatory heat
generating capacity to be imposed upon the heat transfer fluids evaluated within such
systems.
An alternative to this classic approach is the partitioning of the two energy sources
through volumetric spectral beam splitting (SBS), in which a liquid optical filter serves
as both a spectral modulator and a heat transfer fluid. Such an approach has the ability
enable substantially higher fluid temperatures to be realised [13, 14, 16-22]. The
decoupling of the thermal component allows for the optical and thermal properties of the
working fluid to be readily modified to meet the various demands imposed by an
application. This can be achieved through dynamic control of the light-matter interactions
within the fluids internal structure [13, 14, 16-22]. Classical singe-phase heat transfer
fluids such as water, glycols, mineral oils and liquid salts proved the initial viability of
splitting the solar spectrum conversion into its thermal and electrical applications by their
characteristic infrared absorption spectra [11, 12, 23, 24]. However, the rigidity in the
classical working fluid’s spectral properties do not sufficiently match the spectral
responsivity of the PV cell used throughout the hybrid applications. This led to lower
collective conversion efficiencies [11, 12, 23, 24]. Single-phase fluids absorption
capabilities across the ultraviolet-visible spectral window (290 nm – 600 nm), where the
intense solar flux is distributed, are small. This, together with inefficiencies in infrared
absorption, suggests, a further need for spectral tuning of the working fluids optical
properties [11, 12, 23, 24]. This could be achieved by controlling the molecular dynamics
of a 2nd phase additive suspended within the fluid. Consequently, the fluids capability to
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modulate the output of heat and electricity can be further attuned for these applications
[11, 14, 16, 18-20]. Traditionally this has been achieved through the dispersion of a wide
range of nanomaterials within a suitable base fluid, where the unique optoelectronic
properties elicited by the nanoscale features augmented the heat transfer dynamics of the
aptly named ‘nanofluids’ [11, 14, 16, 18-20]. However, the improvements in efficiency
granted through the inclusion of these materials is often overshadowed by their costly
synthesis [25-27], the requirement of toxic precursors [28], their inability of offering the
required solar energy conversion over a broad spectral range and the lack of control over
the instabilities which arise as aggregative processes proceed [29-34].
Here, an alternative set of organic/organometallic hybrid heat transfer fluids was
explored through modifications in a cost-effective, scalable, high-yield one pot synthetic
strategy.

Each

molecular

architecture

of

these

fluids

was

built

upon

a

[1,10]Phenanthroline scaffolding which afforded an abundance of desirable physical
features for further developing the SBS-PVT application. These features included (1)
thermal stability up to ~250 °C, (2) readily modified photophysical properties through
simple

substitution(s)

with

alternate

functional

moieties,

(3)

controllable

photoluminescence, (4) non-corrosivity and (5) capability of being derived from a
synthesis method which offers a substantially lower environmental impact that anything
encountered throughout the fabrication of conventional nanofluids. The molecules
selected for the initial study were chosen based on the physical and spectroscopic
characterisation presented in chapter 4. These results also reflected the molecular
structures for which the radiative and non-radiative transitions were dominant. The aim
was to identify whether through the careful control of the optical filters’ fluorescence, the
electrical energy sacrificed through the inclusion of the thermal component could be
minimised, or alternatively whether non-radiative transitions should be further exploited
to substantially enhance the thermal energy captured within a hybrid design. The interplay
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between each chelating ligand’s absorption and emission bands, optical transmittance and
contribution towards enhancing the heat transfer dynamics of an ethylene glycol based
working fluid, on maximising the collective (thermal and electrical) power efficiency of
a hybrid SBS-PVT system was evaluated. In addition, the economic viability of each
structural iteration throughout the European region during the evaluation of the SBS-PVT
configuration proposed was considered using a merit function which incorporated the
most up to date financial information.
5.3 Materials and methods
5.3.1 Materials
Since crystalline silicon based solar cells remain the most widely used PV devices
in low to medium concentrated-PVT (C-PVT) systems. Therefore, an aluminium back
surface field (Al-BSF) monocrystalline silicon (mc-Si) cell designed and fabricated by
BigSun Community Solar (Big Sun Community Solar, San Antonio, TX, USA) was
selected for this study. The spectral responsivity of the PV material, shown in figure 5.1
a, reaches peak conversion efficiency when the incoming energy closely matches that of
the PV materials band gap (ideal PV window highlighted in figure 5.1 a), while the
remaining wavelengths within the solar spectrum contribute to an unwanted production
of heat. To capitalise on the ‘waste’ heat, generated through the spectral mismatch
between the incident solar irradiance and the conversion dynamics of the PV material and
also to enhance the combined conversion efficiency of C-PVT systems, spectrally
selective optical filters were designed to target these ‘thermal regions’ shown in figure
5.1 a. In other words, the optical filters developed facilitate the splitting of the incident
spectrum into its corresponding PV and thermal components as shown in figure 5.1 a.
Unlike conventional heat transfer fluids, which exhibit heightened heat transfer
capabilities, the fluids developed and characterised herein exhibit complementary
strongly emissive fluorescent properties. This allows for a potential reduction in the
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electrical energy sacrificed through the inclusion of the thermal component within C-PVT
systems.

Figure 5.1: (a) Separating or ‘splitting’ of the solar spectrum into its respective idealised photothermal
(thermal) and photovoltaic (electricity) conversion windows. (b) The interaction pathways available within
a luminescent down-shifting (LDS) material which includes absorptive (3, 7), emissive (4, 6, 7), reflective
(2, 8) and non-interaction (5) processes. (c) Zoomed in spectral response window (250 nm – 1100 nm) for
silicon PV, highlighting the capability of luminescent materials (organic dye, quantum dot or fluorescent
ligand) to capture (LDS candidate’s absorption – cyan) and convert (LDS candidate’s emission - wine) part
of the incoming solar irradiance into more easily harvestable electrical energy: potentially reducing the
electrical energy sacrificed through the thermal components inclusion within a PVT or CPVT system. (d)
the molecular scaffolding underpinning the range of hybridised

Traditionally luminescent down-shifting (LDS) materials have been employed as
solid, semi-transparent, retrofitted layers used to enhance the short-wavelength (300 nm
– 500 nm) conversion performance across a host of different PV technologies [35, 36].
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As light interacts with the LDS material it can undergo a series of different radiative and
non-radiative pathways before reaching the underlying PV material, as outlined in figure
5.1 b. An incident photon (1) can pass straight through the LDS material without
interacting with the photoluminescent species present (5) or alternatively be reflected
from the front surface of the LDS structure (2). Otherwise the photon can interact with
the luminescent species (3) prior to undergoing reflection and exiting out the side of the
structure (8) - with such losses collectively bundled as ‘escape cone’ losses. Finally, the
photons which do interact with the suspended luminophore (3) can undergo reflection (6)
or a successive series of photoluminescent events (7) before finally reaching the
underlying PV cell. These light-matter interactions within the LDS material (figure 5.1
b) are controlled through careful consideration of the luminophore's molecular structure
(figure 5.1 d), the dynamics between competing radiative and non-radiative processes,
and the concentration and thickness of the LDS material [35-38]. In this study, the same
photoluminescent mechanism is exploited to absorb irradiance (figure 5.1 c - cyan) from
within the targeted wavelength range (300 nm – 400 nm) where almost all PV cells exhibit
poor conversion capabilities (figure 5.1 c) and convert this energy into more readily
convertible wavelengths (figure 5.1 c - wine) within a C-PVT system. The liquid LDS
layer is acting as both a spectrally selective filter, complementing the absorption profile
of conventional heat transfer fluids such as ethylene glycol, whilst also affording an
enhanced transmission intensity within the ideal PV window (figure 5.1 c) on account of
the materials luminescence. To modulate the interplay between the two competing
processes (radiative and non-radiative transitions) a series of distinct chemical moieties
were substituted onto the phenanthroline ring at R in figure 5.1 d, and their role in
enhancing or curtailing the thermophysical properties of the corresponding hybridised
heat transfer fluid examined. The molecular architectures explored as well as their
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respective formula, nomenclature, molecular weight and their abbreviation (which will
be adopted throughout the discussions) are presented in table 5.1.
Table 5.1: The molecular structure of the materials used in this study as LDS layers

Abbreviation

Chemical
formula

Name

Molecular
weight
(g mol-1)

5.3.2

P166

C27H16N4

2-(anthracen-4-yl)-1H-imidazo[4,5f][1,10]phenanthroline

396.45

P181

C23H16FeN4

2-ferroceny-1H-imidazo[4,5f][1,10]phenanthroline

404.25

P183

C32H18N8

1,4-bis(1H-imidazo[4,5f][1,10]phenanthroline-2-yl)benzene

514.55

P187

C26H16N4

2-(9H-fluoren-3-yl)-1H-imidazo[4,5f][1,10]phenanthroline

384.44

P205

C20H11N5

4-(1H-imidazo[4,5-f][1,10]phenanthroline-2yl)benzonitrile

321.44

P282

C29H16N4

2-(pyren-1-yl)-1H-imidazo[4,5f][1,10]phenanthroline

420.42

LDS fluid preparation
Stock solutions of a known molarity (~0.025 M) were prepared using pristine

ethylene glycol. Each stock solution was subsequentially subjected to an initial
temperature of 100 0C for 30 minutes to 1 hr to ensure that any partial solubility which
arose was addressed. Once cooled to room temperature the solutions were placed in an
ultrasonication bath for 1 hr to ensure that any remaining inhomogeneities were removed,
before the working fluids were prepared. After each stage, the absorption and the emission
spectra were measured to ensure that no degradation in the molecule’s optical
characteristics had been initiated as a result of the processing. A series of working fluids
(0.005 wt% - 0.5 wt%) for each material candidate were prepared through the removal of
aliquots (5 µL - 700 µL) from each stock solution, with the remainder of the working
volume coming from pristine ethylene glycol.
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5.3.3

Optical transmittance of liquid LDS filters
Optical transmittance measurements were performed using a Perkin Elmer

Lambda 900 UV-VIS-NIR spectrometer (Perkin Elmer Inc., Massachusetts, USA)
employing highly transparent quartz cuvettes. For each liquid considered, a combination
of 5 mm and 10 mm optical path-lengths was used with all measurements being
performed twice before using the average value in all subsequent calculations.
Transmittance spectra were acquired over the 250 nm to 2000 nm range under ambient
conditions, using 1 nm wavelength intervals, as this corresponded to 97% of the solar
irradiance reaching Earth’s surface. The utilisation of multiple path-lengths is essential to
measure the value of the fluids transmittance at a particular wavelength, as the
measurements performed using only a single path-length contain unaccounted absorptive
(within the cuvette) and reflective (at each optical interface) interactions [39-42]. Based
on the Beer-Lambert law, the optical transmittance of a liquid τ(λ) at a wavelength λ is
directly related to its absorption coefficient α(λ) and to its optical path length x as follows
[39-42];
𝜏(𝜆) = 𝑒(−𝛼(𝜆)∙𝑥)

(5.1)

However, the measured transmittance T using the spectrometer at an individual
path-length is an accumulation of the interactions between the liquid layer and two cuvette
walls, immersed in air [39, 40]. At each interface (air-cuvette, cuvette-liquid), absorption
within the walls of the cuvette and Fresnel losses owning to the differences in refractive
index, contribute to a diminished intensity, particularly in the ultraviolet region (300 nm
– 400 nm) [39, 40]. With the assumption of no scattering, negligible coherent effects [43]
and a single reflection emanating from each interface, the cumulative transmittance T(λ)
can be written as [39, 40];
𝑇(𝜆) = 𝜏(𝜆)(1 − 𝑅1 )2 (1 − 𝑅2 )2 𝑒 (−𝛼𝑞∙𝑑)
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(5.2)

where R1 and R2 are the reflection at the air-cuvette and cuvette-liquid interface
respectively, αq is the absorption coefficient of the cuvette wall (in this case quartz) and
d is the thickness of the cuvette wall. Consequently, with air as a reference, measuring
the transmittance of a liquid at two different optical path lengths 𝑋1 and 𝑋2, facilitates the
determination of the liquid’s true absorption coefficient αL via [39, 40];
𝛼𝐿 (𝜆) = [−

1
𝑋2 −𝑋1

𝑋 (𝜆)

] 𝑙𝑛 [𝑋2(𝜆)]
1

(5.3)

where X2 and X1 correspond to the individual path lengths. Finally, according to the
absorption coefficient of the liquid 𝛼𝐿 (𝜆) obtained through equation 5.3, the optical
transmittance of the liquid 𝜏(𝜆) at any optical path length X can be readily determined
through equation 5.1.
5.3.4 LDS fluid characterisation
5.3.4.1 Performance evaluation of LDS liquid filters
The purpose of this study was to examine the impact of each type of liquid filter
on the electrical characteristics of the C-PV silicon cell and further probe the filtering
performance of the down-shifting hybrid heat transfer fluids developed. Figure 5.2
presents the experimental set-up used throughout the study, which includes; (1) solar
simulator – a combination of a Griven 1200 MSR and an accompanying ultraviolet lamp,
(2) current-voltage (I-V) curve generator (Keysight B2901A source-meter), (3) data
collector (Pico TC-08), (4) K-type thermocouples, (5) quartz glass cuvette with a 120
mm x 2 mm x 75 mm L x W x H, (6) computer to collect and record the data and (7) mcSi C-PV cell (25 mm x 25 mm).
Under the 1000 W m-2 irradiance provided by the combination of the two
complementary lamps, the I-V curve of the mc-Si C-PV cell without any liquid filter (the
‘unfiltered’ case) was first measured. The temperature of the solar cell (TCELL) was
monitored throughout the illumination cycle (33 minutes) using a K-type thermocouple
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Figure 5.2: Schematic of the experimental set-up used to evaluate the performance of a concentrator PV
cell (C-PV) incorporating various liquid LDS filters designed for C-PVT systems

in order to ensure that the electrical performance of the cell could be adequately compared
across the range of liquid filters investigated. Preventing the cell from being actively
cooled throughout an exposure cycle also enabled the partial shading capabilities
provided by the various liquid filters to be expanded upon and investigated. Subsequently
the quartz glass cuvette (2 mm optical path-length) was filled with 1 ml of a hybrid heat
transfer fluid and then placed between the PV cell and the solar lamp as shown in figure
5.2. An additional K-type thermocouple was inserted into the quartz glass cuvette to
monitor the working fluid’s temperature (TFLUID) at 1s intervals throughout the exposure
cycle. After each exposure cycle had been completed a cool down window of 20 to 30
minutes was allocated in order to ensure the initial cell and fluid temperatures remained
as replicable as possible within the confines of the experimental design. The principal
electrical characteristics of the solar cell including short circuit current density (Jsc), open
circuit voltage (Voc), fill factor (FF) and conversion efficiency (η) were derived from the
I-V curves generated at 30 s intervals throughout the exposure cycle. Throughout the
study an optical path-length of 2 mm was adopted, as it enabled a larger range of
concentrations to be explored for the material candidates considered.
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5.3.4.2 Merit function of PVT system with LDS liquid optical filter
Although the test outlined above adequately allows for the impact of a specific
liquid filter on the conversion performance metrics of the C-PV cell to be evaluated under
differential temperature loads it cannot distinguish the dynamics of the thermal and
electrical collector performances. Therefore, a theoretical approach was additionally
employed to reveal the combined power output (Pth - thermal and Ppv - electrical)
delivered by each liquid LDS filter when it is utilised in a C-PVT system. The electrical
properties of the cell in response to the incoming filtered irradiance spectra were modelled
using the electrical model established by [44, 45]. Firstly, the reverse saturation current
density J00 of the solar cell can be calculated by the following correlation [41, 44];
−𝐸𝑔

𝐽00 =

(
)
𝐾 ′ 𝑇 3/𝑛 𝑒 𝑚𝑘𝐵𝑇𝑐

(5.4)

where K’, n and m are empirical constants, Eg is the bandgap energy of the PV material,
kB is the Boltzmann constant, T is the ambient temperature, and Tc is the cell temperature.
Based on the optical transmittance measured for each liquid filter (TLIQUID), the measured
spectral response of the solar cell (SR(λ)), in unification with a direct normal incident
irradiance AM1.5D spectrum (φAM1.5D) the short circuit current density generated within
the solar cell with each liquid filter (Jsc (filtered)) can be written as follows [41, 45];
2000 𝑛𝑚

𝐽𝑠𝑐 (𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑) = ∫250 𝑛𝑚

𝜑𝐴𝑀1.5𝐷 (𝜆) ∙ 𝑆𝑅(𝜆) ∙ 𝑇𝐿𝐼𝑄𝑈𝐼𝐷 (𝜆) ∙ 𝑑𝜆

(5.5)

where the limits of the integration represent 97% of the solar energy reaching the Earth’s
surface. The open-circuit voltage Voc can be calculated as follows [41, 44, 45];
𝑉𝑂𝐶 =

𝐴′ 𝑘𝐵 𝑇𝑐
𝑒

𝑓𝐽

𝑙𝑛 ( 𝐽 𝑠𝑐 + 1)
00

(5.6)

where e is the fundamental unit of charge, f is the concentration factor (in this case 1) and
A’ is the ideality factor. In addition, the fill factor FF is given by [41, 44, 45];
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𝑉𝑚𝑝

𝐹𝐹 = 𝑉

𝑂𝐶

[1 −

𝑒𝑉𝑚𝑝
(
)
𝑒 𝑘𝑏 𝑇𝐶 −1
𝑒𝑉
( 𝑂𝐶 )
𝑒 𝑘𝑏 𝑇𝐶 −1

]

(5.7)

where Vmp is the maximum voltage derived at the maximum power point of the cells I-V
response curve, which can be approximated by the following relationship [41, 44, 45];
𝑉𝑚𝑝 = 𝑘 ∗ 𝑉𝑂𝐶

(5.8)

where k is typically between 0.7 – 0.8 [41, 46]. For convenience all the constants utilised
throughout equations 5.4 – 5.8 are presented in table 5.2. Furthermore, the electrical
power output Ppv derived by the silicon C-PV cell with an accompanying hybrid liquid
filter can be determined by multiplying the corresponding VOC and FF for the Jsc (filtered),
as given by [41, 44, 46];
𝑃𝑃𝑉 = 𝐽𝑠𝑐 𝑉𝑂𝐶 𝐹𝐹

(5.9)

The thermal power output for the hybrid filters Pth is attained according to the absorption
properties exhibited by the spectrally selective filters as follows [41, 44, 46];
2000 𝑛𝑚

𝑃𝑡ℎ = 𝜂𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 ∫250 𝑛𝑚

𝜑𝐴𝑀1.5𝐷 (𝜆) ∙ [1 − 𝑇𝐿𝐼𝑄𝑈𝐼𝐷 (𝜆) ] ∙ 𝑑𝜆

(5.10)

where the absorption of the liquid filters is 1 - TLIQUID (λ) and we assume the collector
efficiency ηcollector of the thermal component within the C-PVT system is 67%, which is
based on the literature value [41, 42, 47, 48].
The dynamic competition between the percentage of the solar irradiance
partitioned into usable thermal and electrical energy for each hybrid fluid was revealed
through the following expression [41, 42, 47, 48];
𝜂∗ =

𝑃∗
2000 𝑛𝑚

∫250 𝑛𝑚

𝜑𝐴𝑀1.5𝐷 (𝜆)𝑑𝜆

(5.11)

where 𝑃∗ embodies the thermal (Pth) or electrical (PPV) power output of the system and 𝜂∗
represents the energy conversion percentage for this type of energy. It is not enough for
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Table 5.2: Values of empirical and constant parameters utilised throughout this work [44,45]. The values
represent empirical data derived from longstanding measurements of the performance of a mc-Si cell, under
laboratory testing conditions [44, 45].

Symbol

Parameter

Value used

𝐾′

Empirical parameter in equation (3)

0.01

n

Empirical parameter in equation (3)

0.96

m

Empirical parameter in equation (3)

1.15

Eg

Bandgap energy of silicon C-PV cell

1.12 ev

A’

Ideality factor of silicon cell

0.79

k

Empirical parameter in equation (7)

0.7

a newly designed heat transfer fluid to simply increase the total energy converted within
a C-PVT or PVT system, but rather the additional thermal energy captured through the
fluids inclusion must compensate for the electrical energy sacrificed through the thermal
components integration within the hybrid system [10, 16, 18, 41, 42]. In addition, the
modification in the fluids thermophysical or optoelectronic properties must contribute an
additional enhancement over the performance dynamics offered by the base fluid in which
these additives are suspended [10, 16, 18, 41, 42]. To evaluate whether a hybrid working
fluid converted solar energy into thermal and electrical energy more effectively within CPVT and PVT systems, a merit function was implemented [16, 18, 41, 42].
𝑤∗𝑃𝑃𝑉 +𝑃𝑡ℎ

𝑀𝐹 = 𝑤∗𝑃

𝑃𝑉 (𝑢𝑛𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑)

(5.12)

where PPV (unfiltered) is the electrical power output of the silicon C-PV cell without any
liquid filter, and w is the worth factor of electricity to thermal energy. Classically, heat
transfer fluids for such applications are evaluated using a 3:1 worth factor of electricity
to thermal energy, based on the literature values [41, 42, 48]. However, the magnitude of
the worth factor remains highly susceptible to geographical and temporal fluctuations in
the price of gas and electricity, which stem from regional differences in political,
geological and socioeconomic policy [48]. For example, within the confines of the global
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economy the worth factor can vary anywhere from 0.79 (mainland China, [49]) to 31.3
(Canada, [49]). Even within Europe, the divergence between the localised gas pricing and
affordable electricity push the worth factor from 1.98 in the Netherlands [50] to 4.93 in
Germany [50]. Hence the performance and selection of a hybrid heat transfer fluid for
PVT application remains inextricably linked to the local dynamics of an economy [48].
The category of fluids proposed in this study were evaluated using an average value of
the worth factor derived across the entire European region using economic data from 2018
[50, 51], which corresponded to a worth factor of 3.09 ± 0.89. This can allow for the
individual molecular structures characterised to be uniquely tailored towards deployment
in specific geographical locations, in order to maximise their combinatory conversion
efficiency when deployed within a PVT system.
5.4 Results and Discussions
5.4.1 Optical transmittance and fluorescence of liquid LDS filters
The optical transmittance of the fluid remains the main material attribute through
which the electrical and thermal performance of each liquid filter is evaluated. The optical
transmittance of all six fluids listed in table 5.1 are presented in figure 5.3 (P166 – a, P282
– d, P183 – g) and figure 5.4 (P187 – a, P181 – d, P205 – g) with the accompanying
spectral properties of the base fluid and ideal conversion window of the underlying PV
cell provided for comparison. The figures illustrate how the base fluid, i.e. ethylene
glycol, demonstrated a substantial 95 % - 98 % transmittance over the 250 nm – 1000 nm
range while also absorbing a considerable fraction of the longer wavelength irradiation
(1000 nm – 2000 nm). These same optoelectronic features highlight why ethylene glycol
has become one of the most prominent heat transfer fluids for moderate temperature solar
thermal applications and, correspondingly, why it was selected as the basis of the
proposed candidate fluids. Moreover, the absorption selectivity offered through its
characteristic structure directly aligns with the idealised partitioning of the solar spectrum
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into its respective electrical and thermal components identified in figure 5.1 a. As the entire
assortment of organic structures outlined in table 5.1 are known to heavily absorb within
the 250 nm to 500 nm range (see chapter 4), then their addition into the base fluid should
further complement the spectral matching between the two collection elements (thermal
and electrical) as is reflected in figures 5.3 (a, d, g) and 5.4 (a, d, g).
Taking into consideration the shape of the ideal PV window for mc-Si highlighted
in figures 5.3 and 5.4 (grey shaded region), any subtle deviations introduced into the optical
properties of the fluid through a lack of molecule’s suitability in ethylene glycol could
negatively influence the overall merit of the fluid’s configuration. The onset and later
development of this behaviour can be clearly seen when examining the variation in optical
transmittance experienced by each type of fluid with the continuous increase of the loading
concentration of each molecule. At low loading concentrations (5 x 10-3 wt%) the molecular
structure of P205 (figure 5.4 g), P187 (figure 5.4 a) and P181 (figure 5.4 d) displayed
remarkable solubility in ethylene glycol as demonstrated by the minor loss in transparency
(< 5 %) within the optimal PV window, sustained through each molecules inclusion. Other
structures (P282, P183, and P166) suffered a more pronounced deterioration within the
noteworthy spectral region ranging from 12% (P183 – figure 5.3 g) to 20% (P166 – figure
5.3 a), owing to their partial solubilities within the solvent. As the concentration of each
distinct molecule was gradually increased the divergence between the spectral properties
of each hybridised working fluid became further evident. Under moderate loading
conditions significant changes in the absorption band of each luminescent down-shifting
fluid was registered, with the emergence of partial solubilities contributing to a 10% (P205
– figure 5.4 g) to 40% (P166 – figure 5.3 a) decrease in transmittance over the 375 nm –
1025 nm region. Finally, at the highest loading concentration of 0.5 wt% all the structural
iterations of the phenanthroline molecule excluding P181 (figure 5.4 d) had exhibited
substantial reductions (30% - 80%) in their overall transparency. However, considering that
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solubility remains a function of temperature, any partial solubilities that arose may be
accommodated under the considerably higher operating temperatures (100 0C – 250 0C)
typically encountered throughout combined heat and power applications. Consequently, in
order to effectively identify the optimal loading concentration of each heteroaromatic
molecule, the electrical energy lost through the emergence of partial solubility (and any other
accompanying scattering losses which may arise as a result) must be compensated for by the
additional thermal energy captured by the hybridised material. Nevertheless, the intense
absorption contributions generated with small amounts of each molecule even when
encapsulated in considerably thinner filters (traditional filters are 10 mm – 20 mm thick while
the configuration investigated was 2 mm) indicate that a more compact PVT design may be
achieved with phenanthroline based hybridised heat transfer fluids.
Unlike conventional heat transfer fluids which solely offer enhanced thermophysical
properties, the fluorescent nature of the fluids investigated here require an accurate depiction
of their fluorescent characteristics. This ensures that the impact of each molecule’s
fluorescent contribution towards the performance of the PV cell within the PVT system can
be systematically examined over the concentration range explored. Fluorescent pigments are
often added to commercial heat transfer fluids to assist in the identification of leaks in both
PT and PVT systems. Thereby, the use of these materials ensures that any deterioration in the
temperature of the working fluid(s) are readily recognisable. To the knowledge of the author
this is the first-time when controlled fluorescence has been strategically deployed to
counteract the electrical energy lost. This was achieved through modification of the heat
transfer fluid in SBS applications.
The structure of the six organic and organometallic working fluids outlined in table
5.1 can be further classified according to their luminescent intensity, which is provided in
figures 5.3 (P166 – b, P282 – e, P183 -h) and 5.4 (P187 – b, P181 – e, P205 – h) – with the
integrated emission intensity as a function of concentration provided in each inset. The internal
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Figure 5.3: Optical transmittance of P166 (a), P282 (d) and P183 (g) loaded ethylene glycol based hybrid
heat transfer fluids - with the optimal conversion bandwidth of the mc-Si cell highlighted in grey, and their
corresponding fluorescent intensity as a function of the loading concentration highlighted in b, e, and h
respectively. The integrated emission intensity (I integrated) as a function of the concentration is provided in
the insets. The impact of each liquid optical filter on the short circuit current density (Jsc, A cm-2) of the
‘filtered’ cell in response to an increased loading of each organic fluorophore (c – P166, f – P282, i – P183)
at a cell temperature of 35 ± 1 0C: with the performances of the pristine base fluid (ethylene glycol – black
dotted line) and unfiltered (no liquid filter – red dotted line) provided for comparison
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Figure 5.4: Optical transmittance of P187 (a), P181 (d) and P205 (g) loaded ethylene glycol based hybrid
heat transfer fluids - with the optimal conversion bandwidth of the mc-Si cell highlighted in grey, and their
corresponding fluorescent intensity as a function of the loading concentration highlighted in b, e, and h
respectively. The integrated emission intensity (I integrated) as a function of the concentration is provided in
the insets. The impact of each liquid optical filter on the short circuit current density (J sc, A cm-2) of the
‘filtered’ cell in response to an increased loading of each organic fluorophore (c – P187, f – P181, i – P205)
at a cell temperature of 35 ± 1 °C: with the performances of the pristine base fluid (ethylene glycol – black
dotted line) and unfiltered (no liquid filter – red dotted line) provided for comparison
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structure of each fluid exhibited an emission band characteristic of the distinctive
molecular framework(s) outlined in chapter 4, with every one of the working fluids except
P181 (figure 5.4 e) exhibiting weak to strong fluorescence over the 400 nm – 550 nm
range. The lack of fluorescent intensity was accredited with an intense manifestation of
non-radiative relaxation pathways within some of the fluids considered. This was
primarily driven by the molecular structure of each candidate - see chapter 4. The
fluorescence intensity attributed to each distinct species allowed the fluids to be classified
as either emitters (indicating a moderate degree of fluorescence) or absorbers (indicating
a strong degree of non-radiative relaxation pathways). Under this scenario P282, P205,
P183 and P166 were all considered emitters while P181 and P187 were considered
absorbers. Although the purpose of this study was to examine the influence of the loading
concentration over the corresponding fluids optical properties and additionally, to identify
the optimal loading concentration of each molecular species, a more detailed study into
the physical and thermophysical behaviour of these materials when subjected to extreme
temperature and irradiance remains warranted. Such a study would not only allow the
expected operational lifetime of each fluid to be determined, but also assist in pinpointing
which environmental factors (temperature, pH, reactivity of encasing material) drive each
molecular additives’ degradation over more moderate to long term timeframes. The
insights gathered throughout the study would also serve to further refine the synthesis
strategy, with additional functionalisation of the phenanthroline backbone through
subsequent substitutions with potentially innumerable different moieties providing an
ever-expansive catalogue of potentially enhanced hybridised fluids.
5.4.2

Performance of C-PV solar cell with liquid LDS filters
The short circuit current density (Jsc) of the mc-Si C-PV solar cell with and

without the optical filters at a fixed temperature is provided in figures 5.3 (P166 – c, P282
– f, P183 – i) and 5.4 (P187 – c, P181 – f, P205 – i). It can be observed that, independently
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of the internal structure of the fluid, a reduction in the short circuit current density of the
cell transpires with the magnitude of this reduction in Jsc varying for the different fluids
employed. Even at the lowest concentration of 5 x 10-3 wt% the inclusion of the molecular
species contributed to a 12% (P282, P187), 15% (P205, P183) or 23% (P166, P181)
decline in Jsc as compared to that achieved with the base fluid. These differences in the
rate of decline in Jsc originate from the subtle alterations in optical transparency as well
as from the emissive capability across the range of materials selected. As the
concentration was increased the Jsc of the cell was reduced further, with the absorption
band of the higher concentration fluids directly affecting the silicon C-PV cells spectral
response bandwidth. It is expected that the reduced transmittance of the hybrid fluids over
the Si cells spectral response bandwidth could lead to a reduction in the overall conversion
efficiency of the PVT system, when compared with base fluid. This is primarily due to
the energetic and financial favourability of generating sustainable electricity over the
substitute thermal energy, making the thermal performance requirement imposed on the
fluids much more heightened .
To resolve whether the fluorescent contributions emanating from each candidate
could indeed mitigate some of this sacrificial electricity, closely examine and compare
the transmittance and Jsc for the emmiter - P282 and the absorber - P187 at the lowest
concentration. P282 sustains a large deterioration in the signature 375 nm – 1005 nm
spectral window (figure 5.3 d) whilst still maintaining a modest ~12% decrease in the Jsc
(figure 5.3 f). Conversely the absorption band of P187 remains constrained outside of this
spectral window (figure 5.4 a). Its emission intensity is lower by a factor of 3 (figure 5.4
b), but the loss incurred in the Jsc remains the same in magnitude i.e. ~12% (figure 5.4 c).
This could indicate that some of the energy lost through the extension of the fluids’
absorption band directly into the spectral responsivity window of the C-PV cell is being
redistributed back through luminescence into the PV cell for capture. At the same
194

concentration the combination of the intense emission delivered by P205 (figure 5.4 h)
and its lack of absorption within the Si C-PV cells responsivity bandwidth (figure 5.4 g)
should have resulted in an even greater re-distribution of this lost energy. Consequently,
the enhancement originally identified as a result of the fluorescent properties of P282 may
in fact be a combination of fluorescence and scattering contributions which arise as a
result of the partial solubility of the P282 compound in ethylene glycol. Over the
relatively short Stokes-shift (~150 nm) exhibited by each molecular structure the spectral
responsivity of the C-PV cell increases dramatically from 0.008 A W-1 to 0.31 A W-1
(figure 5. 1a). However, this modulation of the incoming solar spectrum may not be
substantial enough to induce a clear enhancement in PV performance. Subsequent
modification of the phenanthroline molecular scaffolding through the inclusion of metal
ions such as EU(III) could push the spectral-shift in energy further into the 650 nm – 700
nm region - where the spectral responsivity of the mc-Si C-PV cell increase to 0.5 A W-1
- 0.6 A W-1 (figure 5.1 a). This modification of the molecular species would permit a
more detailed correlation between the down-shifting effect of the incident spectrum and
its contribution towards the C-PV cells performance to be carried out.
The reduction in short circuit current density (Jsc) and open circuit voltage (Voc)
as a function of the mc-Si C-PV solar cells temperature is provided in figure 5.5. The
figure clearly illustrates the C-PV cell’s filtered and unfiltered response to fluctuations in
the cells’ temperature created as a result of the irradiance transmitted through each liquid
filter. The behaviour of the C-PV cell under the different filtered scenarios outlined in
figures 5.3 and 5.4 is further confirmed through the trends observed in both Jsc and Voc.
This highlights how the unfiltered and filtered cell’s electrical performance followed a
well-established relationship over the 25 °C to 38 °C operating conditions. The separation
between the decrease in Isc and Voc sustained through the application of different liquid
filters remains relatively unchanged over the temperature range explored. This behaviour
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confirms that any enhancement reported through the subsequent modelling of the PVT
system when fitted with the same liquid optical filters is representative of tangible
improvements in the fluid’s physical and optical properties.

Figure 5.5: Variation in the short circuit current density (Jsc , A cm-2) and open circuit voltage (VOC, Volts)
of the mc-Si cell in response to variations in cell temperature, with various 2 mm thick liquid optical filters
(P282 – square, P205 – circle, P187 – triangle, P183 – inverted triangle, P181 – pentagon, P166 – diamond).
The unfiltered cells performance as well as that achieved with the pristine base fluid (ethylene glycol) is
provided for comparison

5.4.3

Heating rate and stagnation temperature of hybrid fluids
Ideally, the enhanced filtering capabilities stemming from the inclusion of each

molecule within the hybridised fluid will lead to an improvement in the rate of heating
experienced by each working fluid, under the modulated solar spectrum. In this study,
196

although all the hybrid fluids yielded lower electrical outputs, their temperature response
and the C-PV cells response when shielded by the different configurations of liquid filter
revealed a compensatory thermal output of the system (figures 5.6 and 5.7). The
temperature of the working fluids (figure 5.6; P166 - a, P282 - c, P183 – e & figure 5.7;
P187 – a, P181 - c, P205 - e) remained in most cases moderately lower than that achieved
with the pristine base fluid, with the noticeable exceptions of P205 (figure 5.7 e), P187
(figure 5.7 a), P183 (figure 5.6 e) and P181 (figure 5.7 c). Even when considering the
shielding effect provided for the C-PV cell by the liquid optical filters, their addition into
the system appeared to create additional unwanted thermal fluctuations (2 0C – 3 0C) in
the C-PV cells operating temperature. However, considering the close physical proximity
between the thermal and electrical collection elements of the PVT system, and the fact
that the thermal collector remained uninsulated from the surrounding ambient conditions,
thermal cross leakage between the elements could help explain the relationships reported
in both the C-PV cells temperature and that of the working fluid.
In this manner the instantaneous change in the temperature of the system
(∆𝑇𝑠𝑦𝑠𝑡𝑒𝑚 ) is the by-product of the instantaneous fluid temperature (∆𝑇𝑓𝑙𝑢𝑖𝑑 ) and filtered
cell temperature (∆𝑇𝑐𝑒𝑙𝑙 ). Assuming negligible thermal transfer to the surrounding
environment, the impact of the alterations in the constitution of each fluid can be
correlated with their corresponding thermal performance. The enhancement in
performance achieved through each compound is best evaluated at the lowest
concentration, where the extent of intermolecular interactions and aggregative processes
such as π-π stacking becomes greatly diminished. Under this scenario the fluorescent
compounds delivered a 15 % (P181), 14% (P187), 13% (P205), 12% (P183) and 4%
(P282) enhancement in the stagnation temperature of the fluid, when compared with the
base fluid. The presence of P166 contributed to a 2% decline in the thermal performance
of the fluid, this effect being reversed by increasing the amount of the molecular species
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dispersed throughout the working fluid. The enhancements are striking when considering
how more intricate, complex and expensive constituents such as silica-coated silver
nanoplates or silver nanospheres have delivered 17% - 44% improvements in the
temperature response of similar base fluids [41, 48]. Taking into consideration the organic
and organometallic nature of the constituents studied, and their more environmentally
friendly and scalable synthesis procedure - which can consistently deliver high yields, the
premise of these phenanthroline derivatives for SBS-PVT applications looks promising.
The physical origin of the enhanced thermal capabilities presented by the hybrid
fluids lies in the physical properties of the substituted functional moiety. P187, for
example, contains fluorine, whose importance in charge transfer throughout many
different mineral species is well documented [52] and could account for the enhanced
thermophysical properties reported here. Similarly, P181 contains the moderately
conductive element iron whose thermal conductivity (~ 94 W m-1 k-1) significantly
exceeds that of the pristine base fluid whose thermal conductivity is 0.25 W m-1 k-1 [53].
While the thermal conductivity of iron is not as high as silver (thermal conductivity of
403 W m-1 k-1) the adaptability of the synthetic protocol enables the inclusion of metal
and metallic elements through simple substitution reactions in the synthetic synthesis, and
this will be the focus of a future study. Considering the enrichment in the thermophysical
and optical properties of the working fluid accessible through the completely organic and
organometallic additives outlined in table 5.1, their application in SBS-PVT systems at
low concentrations appears exceedingly practical. When combined with the plethora of
additional synthetic alterations of the phenanthroline scaffolding, forming ever more
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Figure 5.6: Variation in the temperature response (∆𝑇) of various liquid optical filters (a – P166, c – P282,
e – P183) and the accompanying change in the operational temperature (∆𝑇) of the mc-Si solar cell (b –
P166, d – 282, f – P183) under 1000 W m-2 solar simulator exposure. The performance of the unfiltered
system as well as that achieved with the pristine base fluid (ethylene glycol) is provided for comparison
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Figure 5.7: Variation in the temperature response (∆𝑇) of various liquid optical filters (a – P187, c – P181,
e – P205) and the accompanying change in the operational temperature (∆𝑇) of the mc-Si solar cell (b –
P187, d – 181, f – P205) under 1000 W m-2 solar simulator exposure. The performance of the unfiltered
system as well as that achieved with the pristine base fluid (ethylene glycol) is provided for comparison

200

intricate and diverse sets of suitable derivatives of the starting materials studied herein,
may prove even more fruitful in the future. To further complement and enrich the insight
into the relationship between each molecular constituent and its contribution towards the
thermophysical properties of the resulting fluid requires a more detailed standalone
physical characterisation of the hybrid fluids.
5.4.4

Impact of hybrid fluids on performance of PVT system
Although the detailed optical and physical characterisation of each fluid candidate

revealed the promise of each molecule for PVT and SBS applications, understanding the
actual influence of each working fluid and its expected behaviour within the system
remained essential. The model outlined in section 5.2.4.2 in conjunction with the
empirical optical data acquired was used to derive the electrical and thermal output
efficiency and the corresponding merit function of each fluid, when operating within a
fixed PVT architecture specified in the models’ formalism. The culmination of these
metrics is often used to describe the beneficial aspects of modifying any one parameter
of a candidate fluids properties, rather than alternatively trying to justify the possible
combination of an overabundance of alternatives [14, 39, 41, 42, 48]. Figures 5.8 and 5.9
present the merit function (MF), thermal output efficiency (‘thermal energy’ in cyan) and
electrical output efficiency (‘electricity’ in green) as calculated by the theoretical model
provided in section 5.2.4.2.
The electrical output efficiency of the unfiltered C-PV cell (‘unfiltered electricity’
in yellow) is provided in the figures for comparison. It should be noted that the optical
transmittance of the fluids shown in figures 5.3 and 5.4 were used to determine the MF
for each fluid, and that the worth factor value adopted represented the average market
value of electricity to thermal energy (derived through natural gas) across the entire
European region in 2018 [50,51].

201

In terms of overall optical efficiency, figures 5.8 (P166 – b, P282 – d, P183 - f) and 5.9
(P187 – b, P181 - d, P205 – f) clearly demonstrates how using phenanthroline based
‘absorbers’ and ‘emitters’ as liquid SBS filters for Si based PVT collectors yields a
considerably superior optical efficiency. The intense absorption contribution arising from
the inclusion of the molecular species within the base fluid (figures 5.3 and 5.4) resulted
in optical efficiencies ranging from 25.3 % (figure 5.9 f – P205 at 0.005 wt%) to 62.6 %
(figure 5.8 b – P166 at 0.5 wt%). Furthermore, when compared with the standalone PV
system the enhancements translate into an additional 8 % - 45 % increase in the economic
value of the energy captured. The MF value of the PVT systems, independently of the
selected filters, is larger than 1, as shown in figures 5.8 (P166 – a, P282 – c, P183 - e) and
5.9 (P187 – a, P181 - c, P205 – e), implying that the luminescent fluid-based SBS systems
exhibit superior performance when directly compared to the classical PV systems.
In particular, the P166 filter produced the highest MF value at the most extreme
loading concentration employed (0.5 wt%), yielding a 71% greater economic value in
return, when compared with the standalone PV. The immense improvement in the
performance of the combined heat and power system is due to the substantial increase in
the performance of the thermal collector, as more and more of the distinctive molecule is
dispersed throughout the working fluid. In the case of P166 the electrical and thermal
output efficiencies at the lowest concentration were 12.4% and 22.4%, respectively
(figure 5.8 a), with the threefold increase in concentration pushing the efficiencies of each
element to 2.0 % and 60.7 %, respectively (figure 5.8 a). In addition, the presence of the
organic and organometallic derivatives within the PVT system provided MF values
exceeding that of the PVT system with the typical ethylene glycol filter. These additional
modifications in the spectroscopic properties of the fluid resulted in a 1.7 % (P166 at
0.005 wt%) to 60.9 % (P205 at 0.5 wt%) increase in the economic value of the energy
captured, when compared with the pristine base fluid. Evidently the series of organic and
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Figure 5.8: Merit function of a C-PVT system incorporating mc-Si solar cells for each liquid optical filter
(a – P166, c – P282, e - P183) according to the average worth factor derived across the European (EU –
black circle) region, with the Irish (IRE – red triangles) economy added for comparison: where the path
length of the filter was 2 mm the filled region (light blue) represents the performance of the base fluid under
the same conditions. Variation in the percentage of thermal energy (photothermal - cyan) and electricity
(photovoltaic -green) delivered by the combined heat and power system for each liquid filter configuration
(b – P166, d – P282, f - P183), where the electricity delivered via an unfiltered system (unfiltered electricity
– yellow) is provided for comparison.
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Figure 5.9: Merit function of a C-PVT system incorporating mc-Si solar cells for each liquid optical filter
(a – P187, c – P181, e – P205) according to the average worth factor derived across the European (EU –
black circle) region, with the Irish (IRE – red triangles) economy added for comparison: where the path
length of the filter was 2 mm and the filled region (light blue) represents the performance of the base fluid
under the same conditions. Variation in the percentage of thermal energy (photothermal - cyan) and
electricity (photovoltaic -green) delivered by the combined heat and power system for each liquid filter
configuration (b – P187, d – P181, f – P205), where the electricity delivered via an unfiltered system
(unfiltered electricity – yellow) is provided for comparison.
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organometallic filters developed seems to present significant advantages over other
alternative filters for PVT applications.
The susceptibility of the worth factor to geographical and economical fluctuations
in the dynamic between the widespread availability of electrical and thermal energy
allows a strategic selection of the locations where full-scale PVT systems can be
established to further help, explore and refine the approach developed herein. As the value
of the worth factor depreciates the economic merit of the additional energy captured
through the adaptations in the fluids’ spectral properties becomes even more heightened
[48]. Within the context of the initial European case study conducted, the countries
identified as most favourable for full-scale testing are Spain (2.83), Portugal (2.92), Italy
(2.27), Sweden (1.63), Netherlands (1.98), Greece (2.52) and Bulgaria (2.29). In the case
of Ireland where the residential price of electricity and natural gas is 0.254 €(kWh)-1 and
0.08 €(kWh)-1 respectively [50, 51], the compensatory heat output offered by the fluid’s
enhanced absorption capabilities is further constrained by having to compensate for the
economic divide between the two (electrical and thermal) alternative energy sources.
Hence, in the Irish economy a higher concentration of each material would be required in
order to sustain a noticeable enhancement over the economic merit already achieved with
the pristine base fluid, and this is indeed reflected in figures 5.8 and 5.9. Outside of the
European (EU) region, international countries which offered cost-effective alternatives
locations included mainland China (0.79) and New Zeland (2.71). Considering that an
insufficient amount of previous work has attempted to address the massive divergence in
the applicability of the fluid augmentations towards specific geographical locations [48].
The tangible capability of the additives developed, to surmount the economic factors
imposed by this lack of awareness makes the identification of structures which offer a
real economic value more convoluted. This reinforces the need to evaluate each candidate
fluid under the socioeconomic conditions of where it is planned on being implemented,
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in order to adequately ensure the full justification of the semi-empirical modelling results
retrieved.
Although the semi-empirical model outlined in section 5.2.4.2 allowed for the
merit of including each phenanthroline derivative in an SBS-PVT system to be revealed,
the possible influence of aggregative or other intermolecular interactions pathways on the
transmittance spectra registered is not considered. Considering that the influence of such
interaction mechanisms on the resultant thermophysical properties of the working fluid
remains unknown. Consequently, the lack of consideration of these unwanted molecular
interaction mechanisms within the model necessitates the strict corroboration between the
semi-empirical

relationships

resolved

and

those

revealed

through

physical

characterisation of the same working fluids. Evidently even at the lowest concentration,
where very little evidence of the apparent unwanted interactions is manifested, the fluids
developed exhibited a 2 % - 10 % increase in the economic value of the energy captured
by the system, as compared with pristine ethylene glycol. When combined with the fact
that at the same loading concentration the hybrid fluids exhibited a 4 % - 15 % increase
in their stagnation temperature, the fluids improved thermal performance seems more
realistic.
5.5

Conclusion
A series of luminescent phenanthroline based liquid filters was developed for

spectrum beam splitting PVT applications with monocrystalline silicon cells. The series
of molecular compounds were dispersed in ethylene glycol and their optical
transmittance, fluorescence, and thermal response to the solar flux measured. The hybrid
fluids exhibited a significantly higher absorption in the ultraviolet and visible
wavelengths, as compared with the pristine base fluid. This complementary absorption
contribution towards the composite fluids resultant spectroscopic properties attributed to
a 4 % - 15 % increase in the stagnation temperature reached by the working fluid. In
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addition, indoor static stagnation tests were conducted to investigate the effect of each
hybridised fluid on the electrical performance of a mc-Si C-PV cell. Regardless of the
filter’s internal structure a lower short circuit current, and, thus, lower electrical
conversion efficiency was reported. To minimise the electrical energy loss through
merging the thermal and electrical components, lower concentrations of each compound
were more appropriate. This combined with the capability of the molecular structures to
elicit not only an intensified rate of heating, but also complementary fluorescence, makes
them exceedingly suitable for addressing some of the shortcomings identified in
alternative working fluid strategies. The ability of the proposed fluids to more effectively
convert solar irradiance into electricity and thermal energy within a PVT system was
evaluated using a merit function. The intense absorption contribution, arising from the
inclusion of the molecular species within ethylene glycol, resulted in optical efficiencies
ranging from 25 % to 63 %. The additional modifications in the spectroscopic properties
of the fluid yielded a subsequent 2 % - 61 % increase in the economic value of the energy
captured, when compared with pristine ethylene glycol. Overall the results of the present
work provide a new organic basis for effectively designing high performance spectrally
selective heat transfer fluids for SBS-PVT applications.
5.6
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Chapter 6
Designing and Optimising The Efficiency of Plasmonic Luminescent
Down-Shifting Systems Using a Transfer Matrix Modelling Approach
6.1

Overview
In the pursuit of highly efficient solar collectors the fundamental interactions of

light with the semiconducting material must be modulated, to increase the collection
efficiencies achievable. Incorporating luminescent species within a semi-transparent
framework which can be retrofitted onto small- or large-scale photovoltaic devices, offers
a passive approach toward expanding the range of wavelengths over which the conversion
process can effectively occur. This passive strategy is called luminescent down-shifting
(LDS) and it has undergone many iterations since its inception in the early 1970’s. The
most recent of which has been the inclusion of metal nanoparticles (plasmonic
luminescent down-shifting – PLDS), which have assisted in promoting the
photoluminescent and physical characteristics of the semi-transparent frameworks, in
which they are embedded. However, with each additional component comes a cascade of
additional loss pathways which must be addressed, if the PLDS application is to offer a
tangible alternative to some of the more invasive fundamental strategies being pursued.
In this study through a set of simple modifications in the design of an LDS/PLDS device,
some of these additional loss pathways have been addressed. Two initially proposed
device designs were considered, with the deviations between the optical response of each
iteration helping to establish a set of design considerations for this type of architecture.
The optical behaviour of the device’s was modelled utilising a transfer matrix approach,
whose outputs were validated and correlated with the behaviour and performance of
physical devices, characterised under real world experimental conditions. The newly
aptly proposed structure-enhanced LDS (SE-LDS) and structure enhanced PLDS (SEPLDS) designs generated a predicted 7% to 20% enhancement in the collection
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efficiency, as inferred through the short-circuit current. Through downsizing the thickness
of the LDS/PLDS layer an additional 0.4 % to 3% increase in the enhancement was
obtained. The structures proposed also offer an advantageous flexibility to incorporate
innumerable additional optical structures to help further enhance and promote the
potential synergetic interactions between the individual design components.
6.2

Introduction
In conventional efforts to modularize photovoltaic (PV) cells into large-scale

industrial panels, a series of polymeric and glass layers are integrated into the panel
architecture to provide a protective shield from the harsh environmental conditions
(temperature, humidity etc.) [1]. The encapsulating materials, typically a combination of
poly-methyl-methacrylate (PMMA) and tempered glass derivatives, impinge upon the
conversion dynamics of the underlying PV technology [2-4]. Consequently, the addition
of the encapsulants heavily-influences the spectral response [2-4] and short-circuit current
density [2-4] generated within a PV device, particularly within the ultraviolet region (300
nm – 400 nm) where PMMA exhibits a sharp spectral cut-off [2-4]. To counteract these
additional modular losses, the fundamental architecture of the active material is
drastically altered through surface passivation [1, 4-6], surface texturing [1, 4-6], or
through tailoring the materials band-gap dynamics through selectively doping the crystal
lattice [1, 4-6]. However, for each additional processing stage implemented into the
devices design, the fabrication costs grow [7-9]. To continue the reductions experienced
in PV pricing [7-10], alongside the continuously improving conversion efficiencies [710], various alternative intricate architectures has been suggested, developed,
manufactured and characterized [2-6]. As the complexity in PV architecture is growing,
optical modelling starts to become the preferred tool to resolve and decouple the complex
physical phenomena. Often, the otpical modelling is used for the stratified structures, to
maximize their energy harvesting potential [2, 3, 11].
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As previously mentioned in this thesis, the plasmon enhanced luminescent downshifting (PLDS) is a strategy focused on alleviating the narrow responsivity of PV
technologies through the incorporation of energy adaptive materials that can offer an
alternative approach in which no alteration of the active material is required [3, 4, 6].
Replacing the inactive encapsulating material with a semi-transparent framework, doped
with selectively absorbing species which modulate the solar spectrum, alleviates the
losses stemming from the parasitic absorption exhibited by PMMA or other encapsulating
materials [2-6, 11, 12]. Through the inclusion of metal nanoparticles (MNP’s) within the
encapsulating layer, a higher degree of control and promotion of the photoluminescent
behaviour of the embedded luminescent material is achieved. The intense highly localised
electromagnetic fields created on the surface of the MNP’s are altering not only the
photoluminescent properties of the luminescent polymer, but also advantageously attune
the physical properties of the nanocomposite encapsulant [13-17]. However, the non-ideal
optical properties exhibited by most encapsulating materials (n ~ 1.4 -1.6) in combination
with the myriad of additional loss mechanisms introduced through the presence of the
luminescent material and MNP’s, requires further improvement from the classical PLDS
approach.
Typically, the influence of each PLDS iteration on the conversion dynamics of a
PV device has been ascertained through experimental trial and error [3, 11]. This implies
fitting each combination of encapsulant, luminescent material and MNP directly onto a
PV structure and recording the difference in performance acquired [3, 11]. In efforts to
further understand the impact of the optical properties of a PLDS layer on the electrical
characteristics of a pristine solar cell architecture, several complementary modelling
approaches have been developed [18-22]. This schema consists of either utilising wave
based optical relationships or more probabilistic photon-based approaches to derive
information about the fundamental properties and performance of the simulated optical
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system [18-22]. These PLDS strategies, in conjunction with the capability of thin-film
structures to suppress the reflection losses arising from the front surface of a device, offer
further means of alleviating the additional losses introduced through the PLDS layer [2325]. Through further refinements in the spectrally selective properties produced by the
thin film, a set of additional synergies between the luminophore and the anti-reflective
coating (ARC) could potentially be established [23-25]. Consequently, in order to
understand the behaviour of this complex design a combination of theoretical and
experimental approaches is required.
In this study a generalized transfer matrix model was modified to examine the
impact of simple single- and double-layer thin-films, on the optical and electrical
behaviour of a pristine monocrystalline silicon cell. Each type of structure was
represented using optical materials frequently encountered in the deposition of highly
transparent thin-film coatings. The cost-effective feasibility of each materials integration
into the solar cell manufacturing process was also considered in their selection. Through
the successive experimental fabrication and optical characterization of different
encapsulating, substrate, and thin-film structures, the outputs generated by the model
were correlated to performances achieved under laboratory conditions. This enabled any
divergences between the expected behaviour (modelled) and the actual behaviour
(measured) of the device to be quantified, resolved and utilised to re-calibrate the
performance metrics employed in the modelling environment. The design considerations
encountered with each type of thin-film structure, and their capability to modulate the
optical interactions of light within it, was explored and optimised before their subsequent
inclusion in the proposed structure enhanced luminescent down-shifting (SE-LDS)
devices. Two initial designs of the SE-LDS device were developed and characterised
theoretically, with the impact of each individual optical component (LDS layer, thin-film
element) on the collective performance of the device, investigated. The impact of the
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film’s composition, structure, and optical thickness on the underlying architectures
conversion efficiency was further expanded upon to ensure that the device’s energyharvesting potential was maximized. Finally, the study outlines the initial design
requirements for passive SE-PLDS devices, which can offer an elegant alternative design
whose efficiency is enhanced beyond that achieved with conventional PLDS approaches.
6.2.1

Structure Enhanced Plasmonic Luminescent Down-Shifting Devices
The number of potential loss mechanisms available within a photovoltaic device

increases through the direct addition of a luminescent down-shifting layer [11]. The nonideal optical properties of the photoluminescent materials available, coupled with the
additional losses arising as a result of the parasitic absorption and poor photo-stability of
the encapsulating materials employed [3, 11], allow for further design revisions. This is
further compounded by increased reflection losses which arise at the front surface, as a
direct result of the typically low refractive index (n = 1.2 – 1.6) of the encapsulating
materials employed in the fabrication of LDS devices to date [3, 11]. This series of
different loss mechanisms does not even begin to consider the lack of control granted
over the optical properties of the nanomaterials, utilized in plasmonic luminescent downshifting (PLDS) devices to augment the optical characteristics of the photoluminescent
material present [2, 13, 26-30]. Additionally, the inclusion of nanomaterials within a
polymeric network, also supports their tendency to aggregate upon exposure to
fluctuations in the surrounding environmental conditions (thermal, electrical etc.) [2, 13,
26-30].
Incorporating additional optical structures into the PLDS architecture (figure
6.1.a), whose design is based upon simple thin-film antireflection coatings, could help
address and mitigate some of these additional loss mechanisms [23-25]. This aptly
defined SE-PLDS device offers the potential to reduce the reflection losses arising from
the divergence between the refractive index of commonly utilised encapsulating materials
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and the underlying substrate material. Through the careful control and consideration of
the structure’s optical properties, the reflection suppression capabilities of the additional
structure can be tailored to offer maximum reflectivity close to the peak absorption of the
photoluminescent species (figure 6.1.b.iii – green). Thereby, allowing for the potential
recycling of those photons which did not previously undergo photoluminescence (figure
6.1.b.iii). Curtailing the structure’s reflectivity across the remaining high responsivity
window of the underlying solar cell (figure 6.1.b.iii – grey), ensures that the majority of
the photons impinging the device within this spectral range can generate charge carriers
within the semiconducting material.

These structures in combination with silver

nanoparticles embedded within the encapsulating material, offer a multi-teared targeted
design approach capable of alleviating the primary loss mechanisms instigated via the
addition of the PLDS/LDS layer. Moreover, they offer the possibility of increasing the
longevity of such retrofitted devices [13, 29].
6.3 Experimental and Modelling Approaches
6.3.1 Modelling the SE-PLDS Devices
6.3.1.1 The Transfer Matrix Method
The proposed solar cell architecture is assumed to consist of two distinct layers
(figure 6.1.b); an optically thick down-shifting layer whose thickness is on the order of
10 μm – 100 μm and a thin-film constituent whose thickness ranges from 20 nm – 200
nm depending on the spectral responsivity of the underlying photovoltaic material upon
which the device is constructed. The thin-film structural component is sandwiched
between the substrate (figure 6.1.b.ii) and the down-shifting layer or, in an alterative
design, directly on-top of the down-shifting device (figure 6.1.b.i). Within the multilayered structure, each material of different thickness (d), refractive index (n) and
extinction coefficient (k) is assumed to have uniform optical properties along the x- and
y-axis, with the individual interfaces stratified along the z direction. Throughout the
design process, a broad range of commonly utilised material candidates within the device.
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Figure 6.1: (a) Schematic of a structure-enhanced photovoltaic device, highlighting the individual design
components; a semi-transparent host matrix encapsulating a photoluminescent material in isolation or in
combination with a metal nanostructure, the underlying photovoltaic technology as well as a ‘spectrally
selective’ structure element. (b i & ii) Initial architectures for a structure-enhanced plasmonic luminescent
down-shifting (SE-PLDS) device and (b iii) the operating principle upon which the device is based. (b iii)
The structural elements reflection profile (b iii – green) is tailored to yield a maximum reflectance within
the absorption window of the fluorescent material utilised (b iii – blue) while minimising the reflectivity
across the emission range (b iii – red) and high responsivity window (b iii – grey) of the underlying
photovoltaic technology upon which the device is built. (c) The complex 3-dimensional structure of a SEPLDS device, consisting of a cascading series of layers of differing refractive index (n1, n2 …) can be
represented as a one-dimensional periodic structure within the confines of a transfer matrix method:
assuming the refractive index within each individual layer is homogenous. The transfer matrix method
models the optical behaviour of a plane wave composed of two mutually orthogonal linearly polarised
components (Transverse electronic – TE and transverse magnetic-TM modes) as they propagate through
the structure along the direction of propagation (r).
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Throughout the design process, a broad range of commonly utilised material candidates
were incorporated into both single- and double-layered thin-film structural components
within the device. This included magnesium fluoride (MgF2), silicon oxides (monoxide –
SiO and dioxide -SiO2), silicon nitride (Si3N4), zinc derivatives (sulphide – ZnS, oxide –
ZnO and aluminium zinc oxide –Al-ZnO), tantalum pentoxide (Ta2O5), titanium dioxide
(TiO2), indium tin oxide (ITO), as well as hypothetical ideal materials.
To examine the impact each design consideration had on the overall SE-PLDS
device, a transfer matrix model was adopted to model the reflectance and transmittance
behaviour of the system under each individual design revision. The merit of the transfer
matrix models approach is its simple, yet computationally effective determination of the
optical interference matrix for a particular multilayer structure [31-37]. Considering a
system of N layers prepared on a substrate as shown in figure 6.2, with each layer (𝑖)
within the system specified via its complex refractive index (𝑛𝑖 = n + 𝑗k) and thickness
(𝑑𝑖 ). Under normal incidence conditions (θi = 0°) and in an external surrounding medium
of refractive index (n0 – air) a characteristic interference matrix for each layer (Mi) in the
system can be determined as follows [38]:
𝑀𝑖 = [ cos 𝜑𝑖
𝑗𝑛𝑖 sin 𝜑𝑖

𝑗 sin 𝜑𝑖⁄
𝑛𝑖 ] = [𝑀11
𝑀21
cos 𝜑𝑖

𝑀12
]
𝑀22

(6.1)

where j2 = -1, 𝑛𝑖 is the refractive index of the 𝑖 th layer and 𝜑𝑖 is the effective optical
thickness of the layer at a given wavelength (λ) i.e. the phase difference accumulated
between the reflected waves occurring from layers 𝑖 and 𝑖+1 [38]:
2𝜋

𝜑𝑖 = ( 𝜆 ) 𝑛𝑖 𝑑𝑖 cos ∅

(6.2)

where ∅ is the angle of wave propagation within the 𝑖 th layer. The equivalent
characteristic matrix for the multi-layered structure (MT) is simply the mathematical
product of the individual single layer matrices which comprise the overall device [38]:
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cos 𝜑𝑖
𝑀𝑇 = ∏𝑁
𝑖=1 [
𝑗𝑛𝑖 sin 𝜑𝑖

𝑗 sin 𝜑𝑖⁄
𝑛𝑖 ]
cos 𝜑𝑖

(6.3)

The resulting reflection (r) and transmittance (t) coefficients for one of the key
modes of electromagnetic wave propagation (transverse electric – TE or transverse
magnetic – TM, figure 6.1.c) is obtained by incorporating the individual equivalent
matrix components (M11, M12, M21 and M22) into the well-known Fresnel equations [33,
38-47]:
𝒓=
𝒕=

𝑛𝑜 𝑀11 +𝑛𝑜 𝑛𝑠 𝑀12 +𝑀21 −𝑛𝑠 𝑀22
𝑛𝑜 𝑀11 +𝑛𝑜 𝑛𝑠 𝑀12 +𝑀21 +𝑛𝑠 𝑀22
2𝑛𝑜
𝑛𝑜 𝑀11 +𝑛𝑜 𝑛𝑠 𝑀12 +𝑀21 +𝑛𝑠 𝑀22

(6.4)
(6.5)

where ns is the refractive index of the substrate. The reflectance (R) and transmittance (T)
power of the overall multi-layered structure is now determined by [38]:
𝑅 = |𝑟|2
𝑛

cos 𝜃

𝑇 = (𝑛 𝑠 ) cos 𝜃𝐸 |𝑡|2
𝑜

𝑖

(6.6)
(6.7)

Figure 6.2: The optical representation of a multilayer structure similar to that found in SE-PLDS devices,
⃗ ) field
within the transfer matrix model. Indicating the orientation of the electric (𝐸⃗ ) and magnetic (𝐻
components after the incident electromagnetic waves (green arrow) series of interactions (reflection – red
arrow and transmission – blue arrow) with the first media (n1) of thickness d1 within the structure. With
similar behaviour occurring at every interface where the wave is propagating from a medium of lower
refractive index to a medium with a higher refractive index.
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where 𝜃𝑖 and 𝜃𝐸 are the angles of incidence and angles of light exiting the multi-layered
structure respectively. Given the probability that natural light consists of an equal mixture
of TE and TM modes, the resulting reflectance will have equal contributions arising from
the Fresnel coefficients corresponding to each individual mode [46]. hus, the effective
reflectance (Reffect) and transmittance (Teffect) of each design configuration was taken as
the average of the TE (RTE, TTE) and TM modes (RTM, TTM) [38]:
𝑅𝑒𝑓𝑓𝑒𝑐𝑡 =
𝑇𝑒𝑓𝑓𝑒𝑐𝑡 =

𝑅𝑇𝐸 + 𝑅𝑇𝑀
2
𝑇𝑇𝐸 + 𝑇𝑇𝑀
2

(6.8)
(6.9)

6.3.1.2 Optimisation of the Structural Component
Typically, in the pursuit of effective antireflective coatings (ARC’s) the design
process and subsequent optimisation is heavily orientated towards the minimization of
the structures overall reflectance within the visible region i.e. in the region where solar
cells are typically most proficient at energy harvesting [33, 39, 40, 42-45, 47].
Considering the broad range of wavelengths contained within the solar spectrum it is
necessary to incorporate the Sun’s spectral characteristics into the design of antireflective
coatings [33, 39, 40, 42-45, 47]. Moreover, depending on the type of technology upon
which the device is envisioned, the electrical contributions derived from the conversion
of light into electrical energy can become increasingly wavelength dependent.
Consequently, it is important to consider the internal quantum efficiency (IQE) of the
photovoltaic technology underpinning the device during the design process [40, 41]. The
most commonly used metric to evaluate and revise an ARC’s capability to maximise the
transmission of light directly onto an underlying solar cell is the weighted average
reflectivity (Rw) [39, 43]:
𝑅𝑤 =

𝜆
1

∫𝜆 2 𝐼(𝜆)∙ 𝑅(𝜆)∙ 𝐼𝑄𝐸(𝜆) ∙𝑑𝜆
𝜆
1

∫𝜆 2 𝐼(𝜆)∙ 𝐼𝑄𝐸(𝜆)∙ 𝑑𝜆
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(6.10)

where I(λ) is the spectral irradiance from the global standardised air mass 1.5 spectrum
(AM1.5G) [48], IQE(λ) is the internal quantum efficiency of the photovoltaic technology
under consideration, and R(λ) is the reflectivity of the structure at the given wavelength
[39]. Here, λ2 and λ1 represent the upper and lower limits of the photovoltaic technologies
spectral response [39]. However, because of the very subtle difference existing in the
IQE’s across light in most practical applications [39, 42, 43], the more convenient and
readily computable effective weighted average reflectance (Re) metric was adopted
throughout this study [39, 42, 43]:

𝑅𝑒 =

𝜆
1

∫𝜆 2 𝐼(𝜆) ∙𝑅(𝜆)∙ 𝑑𝜆
𝜆
1

∫𝜆 2 𝐼(𝜆) ∙ 𝑑𝜆

(6.11)

with an emphasis placed on structural solutions whose peak reflectivity was confined to
the 300 nm – 500 nm absorption window, where most of the typically utilised
photoluminescent materials are heavily active.
6.3.1.3 Potential Efficiency Enhancement
In order to assess the impact of each individual design consideration on the
conversion efficiency of the underlying photovoltaic material it is not sufficient to rely
solely upon the variation in the transmittance produced as a direct result of the specific
structural configuration [33, 40, 41, 44-47, 49]. The capability of commercial and noncommercial photovoltaic technologies to produce an electrical output is highly dependent
upon the material characteristics of the absorbing material as well as the wavelength at
which the conversion occurs [2, 3, 11]. Consequently, the spectral irradiance
characteristics widely adopted in the evaluation of solar cell performance should also be
considered during the optimisation process [34, 36, 40, 41, 45-47, 49].
Essentially the criterion for optimising the antireflective elements design was to maximise
the photo-generated current produced by the cell under the standardised AM1.5G
weighted solar spectrum [49-51]. Assuming that other electrical parameters of the solar
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cell which can influence the cells efficiency (open circuit voltage, serial resistance etc.),
remain unchanged throughout the addition and revision of the ARC’s structure, the photogenerated current becomes equivalent to the short circuit current density (Jsc). The
experimental evidence accumulated across numerous ARC’s studied on both
encapsulated (additional air/glass interface) and non-encapsulated mono-crystalline
silicon (mc-Si) solar cells, substantiates these assumptions made about the cell’s electrical
properties [49, 50, 52]. Increases in 𝐽sc of up to 25% have been reported while at the same
time the open circuit voltage remained relatively unchanged, increasing by a mere 2%
[49, 50, 52]. Consequently, the gain in the open circuit voltage will be neglected in the
analysis and discussion, which will focus instead on the variation within 𝐽sc given by [49,
50, 52]:
𝜆

𝐽𝑠𝑐 = ∫𝜆 2 [1 − 𝑅(𝜆) − 𝐴(𝜆)] ∙ 𝛷(𝜆) ∙ 𝑆𝑅(𝜆) ∙ 𝑑𝜆
1

(6.12)

where 𝛷(𝜆) is the photon flux under the AM1.5G spectrum, 𝑆𝑅(𝜆) is the spectral
response of the photovoltaic material i.e. the photo-current produced as a direct result of
the conversion process, which is influenced by the prevalent loss mechanisms inherent
within the architecture, and λ2 and λ1 represent the upper and lower limits of the spectral
response of the material respectively. The expression 6.12 allows an effective coupling
between the reflectivity 𝑅(𝜆) and absorption 𝐴(𝜆) characteristics of the additional
antireflective element and the overall device’s electrical performance [33, 44, 49. 51].
Hence, the enhancement (E) in 𝐽sc due to the addition of the antireflective structure was
treated as:
𝐸(%) =

𝐽𝑠𝑐 (𝑤𝑖𝑡ℎ 𝐴𝑅𝐶)− 𝐽𝑠𝑐 (𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐴𝑅𝐶)
𝐽𝑠𝑐 (𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐴𝑅𝐶)

(6.13)

6.3.1.4 Model Validation
The output generated from the transfer model can be classified to operate via two
distinct predictive pathways (1) the determination of the structure’s reflection suppression
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capability and (2) the enhancement in the short-circuit current achieved through the
subsequent fitting of the structure onto a PV substrate.

Each mechanism was

independently investigated through the deposition, and subsequent optical and electrical
characterisation of single-layer ARC’s (comprised of ZnO, AZO, ITO, and TiO2)
deposited across a host of different substrate materials (commercial Si cell, untreated pure
Si). The resulting structures reflection spectra was characterised using the methodology
outlined in section 2.3 in order to ensure that the reflection properties of the material
library considered were accurately represented within the modelling environment. This
validation ensured that any insights into the correlation between the reflection suppressive
behaviour of the structural element (incorporated into the SE-PLDS device designs) and
the improvements reported reflected a true enhancement in device performance.
The conversion performance aspect of the validation process was facilitated
through the adoption of relatively inexpensive substrates for the layer deposition, namely
a silicon wafer (‘witness’). The ‘witness’ sample was subjected to the specific deposition
parameters utilised to coat the commercial grade Si cells (Solar Capture Technologies
Ltd, England) employed in the comparison of the model’s efficiency enhancement metric.
The reflection spectra generated using the model, were based upon the thickness values
derived from measurements made using ellipsometry (Horiba Jobin Yvon Universal
ellipsometer with accompany Delta Psi software suite) and stylus profilometery (section
2.8). The spectral features, observed in the reflectance spectra registered were compared
with those produced by the model, until both spectra (the measured spectra and the
simulated spectra) were in agreement within the confines of statistical significance. The
operational ARC-fitted Si devices were characterised experimentally using the set-up and
protocol outlined in section 2.10.2, with the order of merit dictated by the simulated
evaluation of the structure’s performance, and its performance under experimental
conditions compared.
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6.4 Results and Discussions
6.4.1 Modulating The Reflection Suppression Capabilities Of Simple
Antireflection Elements
Before the optical and electrical behaviour of the conceived SE-LDS and SEPLDS devices could be accurately modelled, it was first necessary to demonstrate the
behaviour of each individual design component (PV cell, polymeric encapsulant layer,
and the antireflective structure) within the overarching composite device. The evaluation
process was broken down into three distinctive aspects (1) the assessment of the optical
tunability afforded through single- and double-layer antireflection coatings (ARC’s) and
their subsequent impact on the electrical performance of the PV cell, (2) the verification
of the model’s predictive capabilities when describing the optical and electrical behaviour
of the various materials encountered throughout this study, and (3) the determination of
the possible enhancement in the conversion efficiency, achievable with the initial SELDS and SE-PLDS device designs considered and developed herein. The first component
of this evaluation process is discussed in the following sections.
6.4.1.1 Single-layer Structures
Silicon (Si) in its pristine and untreated form endures a substantial 35% - 40% loss
in light-collection efficiency (figure 6.3.a, broken black line) over the spectral region
where the semiconducting material exhibits peak conversion efficiencies, i.e. the 450 nm
– 1100 nm spectral bandwidth. An intensified reflection loss of 55% - 60% (figure 6.3.a,
broken black line) arises over the ultraviolet spectral region (300 nm – 400 nm) and stems
from silicon’s considerably high extinction coefficient within the narrowband of
frequencies [53], and, thus, it dominates the total losses of the untreated PV device. Figure
6.3.a also highlights the ability of simplified single-layer ARC’s composed of common
optical materials to suppress the reflection losses arising from the front surface of the PV
device. It is evident from figure 6.3.a that selecting even a single-layer AR coating to
include in the SE-LDS and SE-PLDS designs facilitates the suppression of reflections
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over a relatively large (250 nm – 300 nm) spectral bandwidth. Furthermore, through the
subtle modification of the thin-films optical thickness this spectral bandwidth can be
controlled. The optical thickness of an ARC is typically expressed as the wavelength (λ0)
at which the film(s) are designed to act as a quarter-wavelength thick optical medium [32,
38], and it is calculated using the optical materials refractive index (n) at the given
wavelength [32, 38].
Additionally, figure 6.3.a highlights that irrespective of the ARC’s optical
properties, the reflectance of the PV device becomes dramatically diminished, especially
within the 450 nm to 1100 nm spectral window. Furthermore, through monitoring of the
variation in the reflectance at a fixed wavelength of 600 nm as a function of the refractive
index of the material (figure 6.3.b), used to construct the AR coating, the enhancement
and subsequent optimisation of the coating through the careful selection of the optical
material becomes clear. For single-layer AR coatings this translates to an ideal refractive
index of ~1.97 (figure 6.3.b), which is closely matched by silicon oxide (SiO) and silicon
nitride (Si3N4). Thus, through the selection of a material whose refractive index closely
aligns with the optimal 1.8 - 2.2 range identified in figure 6.3.b, the reflection losses can
be largely supressed. However, the optical materials utilised in an ARC must not only
possess a suitable refractive index and be highly transmissive across a broad range of
wavelengths. They must also accommodate a favourable combination of chemical,
physical and mechanical attributes [54]. This includes; chemical, optical and mechanical
stability under the intense solar spectrum for prolonged periods of time, readily
achievable adhesion to the Si substrate, little or no reactivity with other thin-film
materials, and the absence of a tendency to crack under mechanical stress [54]. Deposition
of the AR material(s) should also be completely compatible with the state-of-the-art solar
cell manufacturing and processing techniques. Indeed some, if not all, of these design
requirements are fulfilled by the materials selected and investigated in this study.
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Figure 6.3: (a) Reflection spectra of single-layer antireflection coatings (ARCs) designed to act as a
quarter-wavelength film at a wavelength (λ0) of 600 nm and (b) the corresponding variation in the
reflectance at this wavelength as a function of the materials refractive index (n) – with the ideal ARC
material properties highlighted. (c) The deviation in the effective-weighted average reflectance (Re) as a
function of each antireflection coatings optical thickness, as specified by its quarter-wavelength thickness
(λ0). (d) The enhancement in the short-circuit current density (Jsc) achieved through incorporating each
antireflective structure onto an untreated pristine mc-Si cell, with the error bars representing the divergence
in the enhancement achieved through different optical thickness of each material

Furthermore, the magnitude of the reflection losses originating from the front
surface of the PV device can be further alleviated through complementing the choice of
design material(s) with the appropriate optical thickness (λ0). This is acutely demonstrated
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in figure 6.3.c where the behaviour of the effective-weighted average reflectance (Re) of
the fitted PV device in response to an amending optical thickness of the single-layer ARC
is provided. Figure 6.3.c confirms the notion that selecting the right material for the AR
component can result in a substantial decrease in the spectral losses of the PV device,
losess that are stemming from the reflection interactions with the incident solar flux.
Consequently, this can lead to a 26% to 44% enhancement in the light directly transmitted
into the photoconductive material (figure 6.3.c). Through the optimisation of the film’s
thickness to act as a quarter-wavelength thick optical medium at 600 nm – 650 nm, this
enhancement was pushed as high as 71% (Si3N4, figure 6.3.c). The controlled
modification of the PV device’s optical properties resulted in a 25% (Mgf2) to 48% (SiO)
increase in the short-circuit current density generated within the photoconductive
material, when compared to the untreated pristine PV architecture (figure 6.3.d). The only
limitation affecting single-layer ARC designs is their limited ability to offer reflection
suppression over a single relatively narrow band of frequencies. In order to effectively
target a much wider range of frequencies within the solar spectrum and leverage the
power of multiple different types of AR material, the architecture of this simplistic design
must be adapted to include more than one AR layer.
6.4.1.2 Double-layer Structures
Enhancing the complexity of the AR coating design through the addition of a
similar supplementary thin-film (also designed to act as a quarter-wavelength thick
optical medium at the same wavelength) provides ample opportunity to further refine the
reflection profile of the PV device [32, 38]. A schematic of a typical double-layer AR
coating is provided in the inset of figure 6.4.a. Such coating is comprised of a relatively
low refractive index material (n1 - MgF2, SiO2, ZnO) followed by a higher index material
(n2) directly on-top of the Si substrate. Depending upon the refractive index of the
individual stratified components (n1, n2) within the composite coating, the reflection
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losses can now be repressed at two distinct wavelength bands within the solar spectrum,
with a moderate localised central maximum originating between the two reflectance
minima (figure 6.4.a). Additionally, the spectral position(s) of these reflectance minima
could be shifted accordingly to accommodate very specific spectral bandwidths (e.g. like
the absorption and emission band of a luminophore) by independently varying the
thickness of each film. This optical behaviour is expected from double-layer thin films
and stems from the two independent criteria required for zero-reflectance to be achieved
[32, 38]. Since the working principle of AR coatings is based upon the destructive
inference of light reflected from the interface between the two AR materials, the
interaction is conditionally dependent upon the thickness of each material as well as its
respective refractive index. As such, the optical thickness is determinant for the
occurrence of destructive interference while the index criteria control the extent of the
phenomena i.e. zero-reflectance requires both conditions to be mutually satisfied [32, 38].
This divergence within the optical response of the ARC architecture is reflected in figure
6.4.a, whereby the isolated reflectance minima (~ 5%) centred at 450 nm and 1050 nm
diminish in intensity and begin to coalesce into a single v-shaped broadband minimum
localised around 600 nm. This change in the optical behaviour occurred as the refractive
index of the higher index layer (n2) was alternated from ~1.8 (ITO – figure 6.4.a) to 2.6
(TiO2 – figure 6.4.a). Consequently, through the incorporation of the right materials the
characteristic W-shaped reflectance band synonymous with double-layer ARC’s can be
transformed into a V-shape profile, allowing for an almost complete absence of reflection
(R ≤ 0.005, figure 6.4 b) over a specific band of frequencies. Alongside the expansion of
the full width at half maximum (FWHM) of the individual reflectance contributions (∆𝜆
= 100 nm – 300 nm) comes a broadening in the range of wavelengths over which the
reflection losses are curtailed.
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Figure 6.4: (a) Reflection spectra of double-layer antireflection coatings designed to act as quarter-quarter
wavelength films at a wavelength (λ0) of 600 nm and (b) the corresponding variation in the reflectance at
this wavelength as a function of the materials refractive index (n) – with the ideal ARC material for each
layer (n1 – filled shapes, n2 – partially filled shapes) highlighted. (c) The deviation in the effective-weighted
average reflectance (Re) as a function of each antireflection coatings optical thickness, as specified by its
quarter-wavelength thickness (λ0). (d) The enhancement in the short-circuit current density (Jsc) achieved
through incorporating each antireflective structure onto an untreated pristine mc-Si cell, with the error bars
representing the divergence in the enhancement achieved through different optical thickness of each
material

Considering that the most expansive FWHM achieved with single-layer designs
was ~300 nm (figure 6.3.a) the additional AR layer assisted in promoting this enhanced
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suppression well beyond a 450 nm targeted spectral window, once the two interference
criteria had been established. For this type of coating the criteria was a combination of a
low-index (ideal n1 material – figure 6.4.b) and high-index (ideal n2 material – figure
6.4.b) material having a refractive index of ~1.57 and ~2.47, respectively, in
correspondence with a quarter-quarter wavelength optical thickness. This optical
behaviour is confirmed through modulations in the Re of the PV device shown in figure
6.4.c, as the optical thickness of each film was shifted from the infrared region towards
the ultraviolet-visible. Under this scenario the Re was effectively reduced from 0.2 (ZnoAl-ZnO – figure 6.4.c) to 0.01 (MgF2-TiO2 – figure 6.4.c) representing a marked 80%
improvement upon that attained with the single-layer coating.
Figure 6.4.d shows the impact of each double-layer AR coating on the shortcircuit density generated within the Si cell and reveals a considerable 12% - 56%
enhancement in the overall light collection efficiency, when compared with the untreated
architecture. By comparison, this is an 18% improvement over the current density
achieved with an optimised single-layer ARC. The minimal improvement in the
performance with a more complicated AR design may be not worth the added device
complexity, the additional cost, or the extra processing time that would be required. This
is, indeed, reflected in the state-of-the-art architecture of silicon solar cells, whereby
double-layer coatings are almost completely absent [55]. Nevertheless, it was essential to
investigate their optical behaviour for the inclusion and exploitation in the proposed SELDS and SE-PLDS designs as they offer additional flexibility through accommodating a
larger ability to tune the optical behaviour of the front surface of the PV device. Thus,
this is making them a potential alternative for assisting the coordination of the spectral
properties of the additional thin-film element with the spectroscopic characteristics of the
luminescent species embedded within the polymeric component of the structure enhanced
(SE-LDS, SE-PLDS) devices.
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6.4.1.3 Multilayer Structures
To reduce the reflection losses even further, the application of a multilayer system
consisting of a cascading series of distinct ARC’s was explored. In this case the multilayer
structure was exploited to establish a graded-index profile in which the refractive index
of each successive quarter-wavelength layer was gradually increased, i.e. air < 1st layer <
2nd layer ∙∙∙ < nth layer < silicon. Each layer within the composite structure(s) was assumed
to be of ideal refractive index (𝑛𝑖𝑑𝑒𝑎𝑙 = (𝑛𝑡𝑜𝑝 𝑛𝑏𝑜𝑡𝑡𝑜𝑚 )

−1/2

),

where ntop and nbottom are the

refractive indexes of the layers adjacent to the layer in question, and have an
accompanying optical thickness of 600 nm.

This ensured that only the highest

performance(s) from each thin-film were imparted upon the light collection efficiency of
the underlying solar cell. Additionally, this simultaneously allowed for the enhancement
provided by the more complex AR designs to be effectively determined without the
additional need to independently refine the optical thickness of each film within the
overarching design. Although the materials utilised embodied idealised optical properties,
their characteristic optical behaviour can be recreated through the application equivalent
layers. Whereby, the refractive index that is unavailable or unpractical is simply replaced
by a symmetrical combination of “equivalent layers” - made up of higher and lower index
materials [56]. In this manner the “equivalent layers” are essentially the same optical
thickness and refractive index as the single-layered coating they are emulating [56].
Figure 6.5.a shows the dependence of the pristine Si device’s reflectance spectrum,
when fitted with an ideal multi-layered ARC incorporating an increasing number of
additional layers. As the number of layers within the ARC design was gradually increased
significant changes in the reflectance spectrum were registered. The single relatively broad
reflectance minima achieved with a single-layer coating becomes drastically extended
(figure 6.5.a) as two or more layers are integrated into the composite structure. Including
three or more layers contributed towards an almost complete nullification of the reflectance
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Figure 6.5: (a) Reflectance spectra of ideal multi-layered antireflection coatings (ARCs) consisting of 1 to
6 individual layers, each with its own distinct material properties. (b) The corresponding effective-weighted
average reflectance (Re, black triangles) and short-circuit current density (Jsc, blue circles) derived from an
untreated pristine mc-Si cell when fitted with the stratified structures.

losses (< 5%) which extend well beyond the entire spectral response range (400 nm –
1100 nm) of the photoconductive PV material, with the noticeable exception of the
ultraviolet spectral region (300 nm – 400 nm). These residual reflectance contributions
stem from the large divergence in Si’s refractive index coupled with the materials
amplified absorption coefficient within this wavelength range (300 nm – 400 nm).
However, considering that the spectral responsivity of Si remains limited to 0.1 A W-1 0.2 A W-1 within this narrow spectral band, this optical limitation can be largely
overlooked in the pursuit of highly efficient ARC’s.
The enhanced curtailment of the reflection losses allowed for an even greater
proportion of the incoming solar flux to be captured and converted into usable electricity.
This is reflected in the changes registered in the Jsc - generated within the PV cell, as
shown in figure 6.5.b. Initially, through adding an additional optical layer into the ARC
the Re and Jsc of the cell experience a marked 56% and 5% improvement, respectively, as
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compared to their single-layer counterpart. As the AR structure begins to exceed a doublelayer design, the enhancement afforded through fitting each additional successive film
becomes less and less pronounced. This is exemplified in figure 6.5.b whereupon
transitioning from a double- to six-layer coating offered a 62% and 2% increase in the Re
and Jsc of the device, respectively. Thus, through enhancing the complexity of the AR
coating an additional degree of control over the capability to modify the reflectance
profile at the front end of the PV device is enabled. However, the corresponding
improvement in the amount of additional solar energy captured remained negligible when
considering the enhancements and advantages offered by alternative strategies such as
structured or textured AR coatings and/or surfaces [1].
6.4.2 Model Validation
6.4.2.1 Reflection Spectral component
Within the modelling environment the accurate representation of the device’s
architecture is dependent upon the strict definition of the material’s optical properties and
its corresponding optical thickness [38]. The accurate description of the refractive index
of each one of the optical materials utilised to model and predict the enhancement offered
through the series of proposed SE-LDS and SE-PLDS designs remained essential.
Considering the interaction between the incident solar irradiance and the structure
considered is predominantly controlled by the numerical value of the refractive index,
any perturbations within its description could potentially influence the insights,
associations and results discovered when predicting the optical behaviour of the
corresponding PV device’s. This aspect is further compounded by the susceptibility of a
material’s refractive index to its porosity [57], deposition method [58], deposition
temperature [59], oxidation conditions [60], etc. [61]. Even under the same deposition
conditions (temperature, atmosphere, deposition rate etc.) deviations in the refractive
index (and the thickness) of a material are still present [62]. Ideally, the optical properties
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of the materials would be the prerequisite condition for independently ensuring the
accuracy of the optical constants utilised to simulate the library of materials employed
throughout this body of work. Unfortunately, this criterion remains impractical as in most
cases, even with highly specialised equipment required for the deposition and
characterisation method’s, deviations are still present. Consequently, most of the
theoretical studies which have explored the behaviour of ARC fitted solar devices relied
on sourcing this optical data from external material databases such as SOPRA [63],
FilmMetrics [64], Refractiveindex [65], and many more.
Therefore, the optical data utilised throughout this study was gathered from a
number of different material databases, with the accumulation of these optical properties
presented in figure 6.6. Some of the materials including Si3N4, SiO2, PMMA, ZnO and
MgF2 display very little variation in their refractive index over the spectral response range
of Si (300 nm – 1100 nm) due to their internal crystal structure [66], while other materials
such as Al-ZnO, ITO, SiO and pristine Si demonstrate a large degree of variance in their
respective refractive index, especially over the 300 nm – 400 nm range (figure 6.6). These
spectral features are also accompanied by an absorptive contribution which is elucidated
through the magnitude of the extinction coefficient (k) provided in figure 6.6.c and in
figure 6.6.d. Additionally, this spectral range (300 nm – 400 nm) proves challenging to
the accurate determination of the transparent material’s optical behaviour [67]. This is
evident in figure 6.6 by the lack of availability of refractive index and extinction
coefficient values for some of the materials studied.
Another essential design consideration which had be evaluated, before any
comparison between the theoretical and experimental reflectance spectrum of a given
device could be effectively conducted, was the optical thickness of each device
component (substrate, thin-film and polymeric encapsulant). This aspect was carried out
through the deposition of different single-layer ARC’s on a pristine Si substrate and
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Figure 6.6: Refractive index (n) and extinction coefficient (k) of the materials used to represent the (a,b)
different antireflection coating designs and (c,d) the substrate materials upon which they were modelled
[63-65].

subsequently comparing their optical thickness using a combination of interferometry,
profilometry and optical modelling (transfer matrix) techniques. In this manner the
thickness values derived through both profilometry and interferometry measurements
were utilised to obtain a reflectance spectrum for each structure, with the modelling
parameters carefully adjusted until a statistically significant fit between the two spectra
(measured and modelled) had been obtained. The optical thickness determined by each
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technique for the series of different materials (ITO, TiO2, Al-ZnO, ZnO) is presented in
figure 6.7 and shows a close agreement between the different independent methods.
The large discrepancy between the thickness value derived with ellipsometry and
the alternative techniques for ZnO in figure 6.7 likely stems from the large uncertainty in
the fit criteria of the model, used to simulate the materials behaviour in conjunction with
the ellipsometric data. The statistical significance of the fit criteria required for chisquared (χ2) when fitting ellipsometric data is restricted to an upper-limit of ~10 [68, 69].
Considering the χ2 of the fit for ZnO was ~16, this could have influenced the thickness
value determined for this material, when using this approach. However, the accuracy and
applicability of ellipsometry to precisely define the optical thickness of a thin-film coating
when deposited on a high-index substrate, such as Si, is depicted in figure 6.7, provided
that the standards imposed on the fit-criterion are met.

Figure 6.7: Inter-comparison between the thickness values derived for a series of singe-layer antireflection
coatings by three independent characterisation methods: (1) ellipsometry (black squares) using a series of
distinct analytical models to predict the materials optical behaviour and corresponding optical properties,
(2) profilometry (green triangles) using a Veeco Dektak 6M (full method outlined in section 2.7), and (3)
the transfer matrix model, iterating the layers thickness until a statistically significant correlation had been
achieved between the ‘measured’ and ‘modelled’ optical properties of each structure.
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Based on the optical thickness values presented in figure 6.7 the reflectance
spectrum of each corresponding structure was modelled utilising the optical data
highlighted in figure 6.6. Additionally, the reflectance spectrum of pristine PMMA and
pristine Si was also considered, as they represented essential building-blocks of SE-LDS
and SE-PLDS devices. Figure 6.8 shows the consistency between the spectral features
present in the experimental (solid black line) reflectance spectra and those of the
accompanying modelled architectures (solid red line), when considering a Si substrate
fitted with the various single-layer polymeric or AR coatings. Some small discrepancies
between the ‘measured’ and ‘modelled’ spectra are visible in figure 6.7, some of the
spectral features being less or more intense in magnitude over a specific range of
wavelengths. These deviations are a direct consequence of the uncertainties which arise
throughout the deposition process (irrespective of the methodology employed), and their
presence contributes to the resulting film exhibiting inhomogeneous optical properties
throughout – see the associated uncertainty on the film thickness in figure 6.7 for
example.
In comparison, the structures representation within the modelling environment
assumed complete uniformity of the optical properties (refractive index, optical
thickness) and as a result, the modelled spectra lack some of the spectral information
which originates from this divergence in the optical characteristics. Additionally, the
presence of high frequency contributions in the reflectance spectra of the 10 μm thick
PMMA layer (figure 6.8.b) are are a testament to the limited capability of the transfer
matrix model (TMM) in its generalised form, to effectively handle relatively thick optical
layers [32, 38]. Nonetheless, the close agreement between the modelled and measured
reflectance spectra shown in figure 6.8 ensured the suitability of the TMM to effectively
handle the more complex SE-LDS and SE-PLDS optical designs.

235

Figure 6.8: Comparison between the reflectance spectra derived using the transfer matrix model (broken
red line) and the reflectance spectra determined experimentally (black solid line) for a number of different
types of material: (a) pristine untreated silicon, (b) pristine 10 µm thick poly-methyl methacrylate also
known as PMMA, (c) zinc Oxide (ZnO), (d) indium tin oxide (ITO), (e) titanium dioxide (TiO2), and (f)
aluminium zinc oxide (Al-ZnO)
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6.4.2.2 Short-Circuit Current Density component
Considering the TMM in its generalised formalism cannot accurately describe the
optical behaviour of a structured/textured PV architecture [31, 38], it was essential to find
a suitable ARC structure which could effectively imitate the spectral and electrical
characteristics of this type of architecture. The ultra-low reflectance (< 2%) achieved with
the most commercially mature textured/structured Si architecture is demonstrated in
figure 6.9.a (mc-Si PV Cell) and shows almost complete suppression of the reflection
losses over the 300 nm – 1100 nm range. Recreating this optical behaviour in its entirety
using completely planar optical interfaces of differing refractive index is challenging but
not impractical. Through utilising a multi-layered ARC design like that depicted in figure
6.5.a, a reflectance spectrum approximately matching that of the commercial grade mcSi cell was obtained (figure 6.9, imitated PV cell – red triangles). However, a reflectance
loss of 5% - 25% remained over the 300 nm – 450 nm range for the imitated architecture.
Coincidentally, the spectral response of Si over this narrow band of frequencies is
relatively low (0.1 A W-1– 0.2 A W-1). Consequently, the discrepancy between the
‘imitated’ and ‘real’ PV devices reflectance spectra is expected to have very little
influence over the performance metrics (Re, Jsc), utilised to evaluate and optimise the
collection efficiency of the newly proposed solar cell designs. This aspect is highlighted
by the close agreement between the Re of the two devices (simulated - imitated PV cell,
measured – mc-Si PV cell), as shown in the inset of figure 6.9.a. Through the subsequent
fitting of single-layer transparent thin-films and polymeric encapsulants onto the imitated
PV cell, the predicted electrical behaviour of these modelled devices was effectively
compared to their real-world experimental counterparts.
The comparison between the electrical performances exhibited by the ‘imitated’
modelled devices and those fabricated and characterised experimentally is presented in
figure 6.9.b. A divergence between the expected (modelled) and real-world (experimental)
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Figure 6.9: (a) Divergence in the reflectance spectrum exhibited by untreated pristine silicon (pristine Si,
broken black line), a commercial high-grade monocrystalline silicon photovoltaic cell (mc-Si PV cell, black
squares) and a similar antireflective fitted mc-Si device designed to mimic the optical and electrical
behaviour of the commercial PV cell (imitated PV cell, red triangles). A direct comparison between the
effective-weighted average reflectance (Re) of the commercial PV cell and the imitated PV device is
additionally provided in the inset. (b) The short-circuit current density (Jsc) of the physical devices
fabricated and measured experimentally (black squares) and the corresponding behaviour of the imitated
device (red triangles) when fitted with the same series of antireflection coatings (ARCs). A magnified image
of the PV cells front surface revealed through scanning electron microscopy is additionally provided in the
inset. (c) External quantum efficiency (EQE) of the PV cell when equipped with the different ARC’s or
polymer coatings and (d) their corresponding reflection spectra.

performances of each iteration of the PV device is evident in figure 6.9.b, with the
discrepancy in the Jsc ranging from -5.1 mA cm-2 (figure 6.9.b - TiO2) to +3.5 mA cm-2
(figure 6.9.b - mc-Si PV Cell) for the modelled devices. Differences between the
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behaviour of the modelled and actual PV devices are expected as the fundamental nature
of the interactions of light with the highly ordered textured surface (shown in the inset of
figure 6.9.b) are unaccounted for in the modelling environment. Additionally, solar
simulators with a “class A” match to the AM1.5G spectrum (utilised to simulate the
natural climate conditions in the modelling environment) are allowed tolerances of ±25%
under the standardised testing guidelines [11]. Consequently, the spectral mismatch
between the spectral irradiance provided to the modelled and experimental devices could
have influenced the resulting current densities generated within them.
Furthermore, in the simplification of the calculations involved in modelling the
PV devices a number of additional loss pathways (including back surface reflection
losses, band offsets, changes in the sheet- and serial-resistance, thermalisation losses, and
the possibility of ‘poor’ electrical contact as a result of preparing the cells for indoor
characterisation) were excluded from the analysis. Meanwhile, the origin of the
deviations in the actual PV devices electrical and optical properties, upon the addition of
each extra optical structure, is presented in figure 6.9.c and figure 6.9.d, respectively. The
changes in the external quantum efficiency (EQE) of the device’s over the 350 nm – 500
nm region with the addition of the supplementary ARC’s was negligible, while the
addition of the relatively thick PMMA layer resulted in a significant deterioration in the
EQE across the entire 300 nm – 1100 nm range. This behaviour is expected to stem from
the disruption of the antireflection properties exhibited by the textured surface of the Si.
Indeed, this is reflected in the abrupt change in the reflectance spectrum upon the addition
of the polymeric layer (figure 6.9.e). Nevertheless, the data generated throughout this
comparison was used to recalibrate the short-circuit current density generated in the
subsequently modelled SE-LDS and SE-PLDS device architectures. In order to ensure
that the performance of the modelled SE-LDS and SE-PLDS devices was in-line with a
tangible improvement over their conventional LDS and PLDS counterparts, a cautionary
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adjustment of -5.1 mA cm-2 (the most severe divergence reported in figure 6.9.b) was
henceforth implemented in all of the calculations involved.
6.4.3

Structure Enhanced Luminescent Down-Shifting (SE-LDS) Devices
In the pursuit of highly efficient LDS devices many different configurations of

optical thickness have been employed, ranging from 5 µm to 5 mm [2, 3, 11]. However,
in order to maximise the potential of the structure enhanced designs proposed in this
study, the restrictions imposed on the embedded luminophore through this important
design consideration must be carefully considered. Integrating a relatively thick LDS
layer would allow for significantly more interactions between the embedded luminescent
material and the incident solar irradiance, while leaving the embedded luminophore(s)
susceptible to the unwanted aggregation processes which can negatively influence the
layer’s photoluminescent properties [70, 71]. Conversely, selecting a thinner LDS layer
not only allows for the quantity of luminescent material utilised to be reduced but,
additionally, it offers more control over the intramolecular interactions between the
embedded luminescent molecules [70, 71]. Thus, adopting a thinner LDS layer could
potentially offer more advantageous design considerations, in terms of assisting in the
mitigation of some of the unfavourable considerations encountered in optically thick LDS
devices.
For this model, the LDS layer which is homogeneously doped with a luminescent
material similar to that developed and characterised in chapter 4 was effectively modelled
as a pristine PMMA film containing no impurities. Although the refractive index of the
LDS layers in chapter 4 was never measured in response to the loading concentration of
the luminescent material(s) employed, the presence of analogous molecular structures
within PMMA networks has shown to have an inconsiderable impact on the refractive
index of the corresponding fluorescent polymer [72]. The variation in the optical (Re) and
electrical (Jsc) response of a conventional LDS device to an increase in the optical
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thickness (1 nm – 100 μm) of the encapsulating layer is presented in figure 6.10. As the
LDS layer is extended from 1 nm to 150 nm the polymeric layer acts like an ARC,
reducing the Re (figure 6.10 – black squares) and enhancing the photocurrent Jsc (figure
6.10 – blue circles) generated by the LDS device. This is expected as the addition of a
supplementary thin-film layer of relatively low refractive index (npmma ~ 1.5) further
extends the device’s graded-index profile, leading to less light being lost at each optical
interface. At intermediate thicknesses of 150 nm – 500 nm the variation in performance
becomes more chaotic (figure 6.10).

Figure 6.10: Variation in the effective-weighted average reflectance (Re, black squares) and short-circuit
current density (Jsc, blue circles) of a polymer encapsulated mc-Si PV device, as a function of the thickness
of the pristine polymethacrylate (PMMA) layer. The broken lines (Re – black, Jsc - blue) correspond to the
pristine PV devices electrical performance.

This change in the optical behaviour of the LDS layer originates in the transition
from conditions favourable to coherent light propagation (often synonymous with thinfilm interference), to conditions which promote narrowband oscillations in the calculated
reflectance and transmittance spectra [32, 38]. These oscillations occur when the layer
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becomes sufficiently ‘thick’ compared with the wavelength of the incident irradiance [32,
38]. Considering how these oscillations are rarely observed in practical measurements,
either due to a phase incoherency within the optically thick layer or because of the limited
resolution of the measurement – they are often referred to as ‘incoherent interference
interactions’ [32, 38]. Beyond a film thickness of 500 nm these fluctuations in the
properties of the LDS device become less striking, as the thickness is continuously
increased (figure 6.10). Consequently, through adopting a 1 μm – 100 μm thick LDS layer
a 35% and 20% improvement in the device’s Re and Jsc was achieved, respectively.
Therefore, in order to maximise the cooperation between the different optical elements
within the SE-LDS devices proposed, two alternative configurations of the LDS layer
were incorporated into the SE-LDS designs. Those integrating a relatively thick 90 μm
LDS layer (figure 6.11 - red triangles) and an alternative option which incorporated a
much thinner 9 μm LDS layer (figure 6.11 – green circles).
Single-layer and double-layer ARC’s, constructed using the library of materials
previously employed, were incorporated into two different configurations of the SE-LDS
device. A design in which the ARC was located directly below the LDS layer (design
option #1 – figure 6.11 inset) and an alternative design where the ARC was directly
situated above the LDS layer (design option #2 – figure 6.11 inset). Integrating the ARC
below the LDS layer ensured that the graded step-down refractive index profile of the
device (nPMMA< nARC < nSi) was maintained, with the noticeable exception of MgF2 (figure
6.11.a). Once this condition has been broken (as in the case of the MgF2), the fixed-phase
relationship between the multiple reflections originating from each optical interface
within the stratified architecture, no longer accumulate in the sole production of
destructive interference [32, 38]. Instead, a combination of constructive interference and
destructive interference occurs with the constructive component contributing to an
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increased reflection loss at the front side of the device (figure 6.11.a). Otherwise, the
presence of a single-layered ARC contributed to an 8% (figure 6.11.a, SiO) - 16% (figure
6.11, ZnS) improvement in the photocurrent generated within the hybrid devices.
Accordingly, through the careful consideration of the AR structure’s composition and
optical thickness, the cooperative interactions between the individual optical components
(LDS layer, Si substrate, ARC) was maximised. For the same single-layer SE-LDS
devices shown in figure 6.11.a, the thickness of the integrated LDS layer had very little
impact (0.1% - 0.4%) on the subsequent enhancement provided through the inclusion of
the thin-film component.
Through alternatively adopting a double-layer ARC into the design as depicted in
the inset of figure 6.11.b, the optical coupling initiated between the different retrofitted
elements within the SE-LDS design was further supported. Switching from the simple
single-layer designs to a double-layer thin-film alternative contributed to a 7% (figure
6.11.b, MgF2-SiO) to 20% (figure 6.11.b, Ideal material) enhancement in the performance
of the hybrid devices, when compared to the classical LDS device. However, the
improvement in the collection efficiency of the device (4% over a single-layer design)
must be weighed against the increase in the structural complexity and the additional costs
occurred, when transitioning from a single-layer to a double-layer coating. This
evaluation of each modification to the retrofitted SE-LDS structure is necessary to ensure
that its impact on the conversion performance of the underlying PV device, offers a
tangible cost-effective alternative to effectively restructuring the fundamental
photoconductive architecture. Additionally, any divergences in the performance of the
double-layer SE-LDS devices were further intensified by an adjustment in the thickness
of the LDS layer (figure 6.11.b). Considering the importance of the narrowband
contributions in the reflectance spectrum of a conventional LDS device (figure 6.8.b), the
possibility of competing behaviour between the coherent and incoherent optical domains
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within the stratified SE-LDS structures is considered. Hence, through consolidating these
two optical domains into a single architecture, the susceptibility of the retrofitted SE-LDS
structure towards subtle optical deviations introduced through the AR component
becomes intensified. Consequently, adopting a much thinner LDS layer moderated the
extent of the ‘incoherent’ interactions within the LDS layer, as demonstrated by the ~3%
increase in the enhancement attained when downsizing the LDS layer from 90 µm to 9
µm (figure 6.11.b).
In the alternative SE-LDS design (illustrated in the inset of figure 6.11.c) the
inherent lack of suitably transparent materials, which possess a refractive index lower
than 1.5 [65, 73, 74] disrupted the interaction of light with the cascading series of distinct
optical layers within the SE-LDS structure. Thus, incorporating single-layer ARC’s into
this type of configuration contributed to a 5% (Figure 6.11.c, SiO) to 20% (figure 6.11.c,
ZnS) decline in the energy harvesting potential, when compared to a conventional LDS
device. A similar effect occurred within the double-layer designs portrayed in the inset of
figure 6.11.d, but the extent of the increased reflection losses introduced through the
additional optical element was less extreme. This deviation in the optical behaviour of
single- and double-layer ARC’s when embedded within the SE-LDS is expected to arise
as a result of the effective refractive index of the double-layer films closely matching that
of the LDS layer (nPMMA ~ 1.5) [38, 75, 76]. In the context of thin films, the effective
refractive index is derived from the observation that a multi-layered film (composed of a
mixture of different materials) often behaves as a single homogeneous film exhibiting an
effective refractive index that does not equal the refractive index of any of its individual
constituents [32, 38].
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Figure 6.11: The enhanced short-circuit current density (Jsc) achieved with two different types

of structure enhanced luminescent down-shifting (SE-LDS) layer design (1) structures
incorporating a (a) single or (b) double layer antireflection element below the LDS layer as
highlighted in the device schematics provided in the insets or alternatively (2) structures
incorporating the (c) single or (d) double layer antireflection element above the LDS layer as
shown in the device schematics provided in the insets. Two different thickness profiles of the
LDS layer were evaluated within the initial designs considered – 90 µm (red triangles) and 9 µm
(green circles), as well as host of different abundantly available materials frequently utilised in
the fabrication of ARC’s. The error bars represent the variability of the enhancement offered
through different optical thickness.

Through the careful modification of each individual layer’s optical thickness the effective
refractive index of the SE-LDS structure could have been tailored towards emulating a classical
quarter-quarter wavelength coating [38, 75, 76], but this option was not considered in this study.
Consequently, this type of SE-LDS design (inset of figures 6.11 c & d) was not considered when
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exploring the expected optical behaviour of the device, upon the homogeneous dispersal of
nanoparticles throughout the polymeric network.
6.4.4

Structure Enhanced Plasmon Luminescent Down-Shifting (SE-PLDS)
Devices
Exploiting the localized surface plasmon resonance (LSPR) exhibited by metal

nanoparticles (MNP’s) when embedded in a composite material produces an interesting
series of non-linear effects in the optical response of the nanocomposite by modulating
its effective refractive index [15-17]. Controlling the size, shape and dispersion state of
the MNPs within the nanocomposite material (e.g. a polymer nanocomposite) determines
the spectral bandwidth over which the non-linear effects are initiated, as well as their
extent [15-17]. However, in order to achieve a significant modulation in the real part of
the refractive index n(λ), a substantially high number of MNP’s per unit volume is
required [15-17]. For example, for silver-based polymer nanocomposite materials a filling
factor on the order of 2.5% is required for modulations in the refractive index to become
discernible [78]. If the number of MNP’s is insufficient, the optical properties of the
nanocomposite material become dominated by the contributions from scattering
interactions [78]. However, the inclusion of MNP’s within a polymeric network (such as
an PLDS layer) can still readily impact the imaginary part of the refractive index k(λ)
which is indicative of the state and extent of attenuation within the material [78].
In PMMA-based nanocomposite systems containing spherical silver NP’s (10 nm
– 50 nm in diameter) the modulations in the real part of the refractive index were less
than ~0.1, when utilizing NP concentrations of 1 wt% - 6 wt% in conjunction with a
relatively thick film thickness of 20 µm to 30 µm [14-17]. Even in ultrathin (20 nm – 40
nm) films of PMMA, adopting a suitably low concentration of silver (Ag) NP’s (0.15
wt%) introduces a very small (~0.1) alteration in the real part of the refractive index, with
this modification solely extended to the frequencies within the MNP’s LSPR band .
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However, the accompanying modification in the magnitude of k(λ) over the same spectral
bandwidth is not so insignificant and it can achieve extinction coefficient values as high
as 3 over this relatively narrow spectral window [13, 29]. Consequently, considering that
the LSPR band of MNPs is tuned to occupy a spectral region (300 nm – 450 nm) that is
inefficiently utilised by PV technology in order to maximise the positive interactions
between the MNP's and a luminescent material, these severe divergences in the k(λ) of a
PLDS layer can be neglected in the model. For PLDS applications, in which the objective
is to utilize the MNPs to further promote the photoluminescent characteristics of a
luminophore, the optimal loading concentration for a variety of different silver
nanostructures has been identified to correspond to 0.013 wt% - 0.1 wt%, and is
dependent upon the optical thickness of the layer [14-17]. wt% - 0.1 wt%, and is
dependent upon the optical thickness of the layer [14-17]. Considering the structural merit
of including thinner LDS layers in the SE-LDS designs (and the tangible possibility of
the MNP interactions becoming optimised at concentrations well below the limit of the
effective refractive index changes), the PLDS layer can subsequently (as a first order
approximation) be represented as a pristine LDS layer with a modified k(λ) to account for
the scattering contributions which arise as a result of the presence of the Ag NP’s.
The enhancement in the Jsc of a mc-Si cell when equipped with a SE-PLDS
structure (illustrated in the inset of figure 6.12.a) in response to the simulated scattering
contributions from the Ag NP’s is provided in figure 6.12.a. The figure reveals that even
subtle deviations in the extinction coefficient of the PLDS layer drastically impacts the
capability of the SE-PLDS devices to outperform the highly modified bare Si architecture.
Through further optimizing the optical properties (refractive index, optical thickness) of
the single-layer ARC, the attenuation can be compensated to a certain degree.
Consequently, adopting a material of higher refractive index like SiO (figure 6.12.a – red
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circle) or ZnS (figure 6.12.a – blue off-centre triangle) allows for more Ag NP’s (k(λ) ∝
No of MNP’s) to be included within the PLDS layer, without sacrificing the enhanced
collection efficiency. Integrating a more complex AR structure into the SE-PLDS design
(as depicted in the inset of figure 6.12.b) has little influence on the performance of the
hybrid device. This is demonstrated by the 5% increase in the performances attained,
when switching from the highest performing single-layer design (figure 6.12.a, ZnS) to
an optimised double-layer design (figure 6.12.b, Ideal-Ideal). The optical behaviour of
the SE-PLDS devices summarized in figure 6.12.a and figure 6.12.b restricts the
extinction coefficient to values below 1.5 x10-4, if the primary objective of the adaptations
in the PLDS design is to outperform the pristine uncoated PV device.
However, this description does not reflect most LDS or PLDS devices as the
underlying photoconductive architecture of high-performance commercial PV cells has
undergone a complex reconfiguration to attain their near maximum conversion
efficiencies [1, 77]. Consequently, the addition of an encapsulating material such as
PMMA, disrupts many of the advantageous structural adaptations made to the
fundamental architecture of the semiconducting materials, resulting in a decrease in their
performance [3, 11]. Furthermore, in the modularization of PV technology from small
scale laboratory test cells like the ones utilised in chapter 5, to fully operational PV
modules, a polymeric encapsulant is required for protection and stability of the framework
[1]. However, in the development of new and emerging technologies (such as SE-LDS or
SE-PLDS devices) an alternative approach which involves a revision in the state-of-theart solar cell manufacturing process would be introduced to ensure maximum positive
impact of the structures proposed. Under this scenario the textured surface frequently
encountered in mature grade Si technology would be replaced with an optimised SELDS/SE-PLDS structure, and the disruptions typically introduced into the device
collection efficiency circumvented. Under this scenario, irrespective of the magnitude of
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the scattering losses introduced through the inclusion of the Ag NP’s, the fitting of the
additional optical structure still offered a substantial 10% (figure 6.12.c, SiO) to 20%
(figure 6.12.c, ZnS) enhancement in the collection efficiency of the cell, as compared to
the conventional PLDS device.

Figure 6.12: Enhancement in the short-circuit current density (Jsc) of a structure enhanced plasmonic
luminescent down-shifting (SE-PLDS) device, incorporating (a) single layer and (b) double layer
antireflection coatings of different compositions, as a function of the encapsulating layers
(polymethylmethacrylate – PMMA) extinction coefficient (𝑘): with a schematic of each device design
included in the insets. (c) The average enhancement in the Jsc of a monocrystalline silicon photovoltaic cell
when fitted with a number of different single- and double-layer antireflection coatings. The error bars
represent the variation in the device’s performance exhibited by adopting different optical thicknesses of
each individual coating.
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6.5 Conclusion
A series of highly transparent thin-film optical coatings were designed to exploit
the optical properties of conventional LDS and PLDS devices which were built upon a
monocrystalline-silicon photovoltaic cell. The capability to tune the optical properties of
the standalone thin-film coatings (single-layer and double-layer designs) was
theoretically explored in response to changes in the effective refractive index and the
optical thickness of the coating. The associated influence of each iteration of the
supplementary optical structures on the conversion efficiency of the PV cell was also
explored, and the optimal design criteria for each type of structure (single-layer, doublelayer) was identified. Through a combination of experimental and theoretical approaches,
the reflectance spectra of the individual components of the SE-LDS device (the LDS
layer, the Si substrate, and the thin-film component) were accurately predicted within the
modelling environment. Comparing the corresponding short-circuit current density
generated within these modeled and experimental devices, enabled the performance
output of the model to be directly correlated with the performances achieved under real
world laboratory conditions. As a result, the modelled integration of a single- or doublelayer coating into the SE-LDS device, predicts a 7.5 % - 20% enhancement in the
collection efficiency, as inferred through the Jsc. Downsizing the LDS layer from a
thickness of 90 µm to 9 µm also assisted in promoting an additional 0.4% – 3% increase
in the enhancement. The divergence in the optical response of the two initially proposed
SE-LDS designs facilitated the development and refinement of an initial set of design
considerations for this type of architecture. The more complex SE-PLDS device designs
were examined using a 1st order approximation of the modulation in their effective
refractive index upon the inclusion of silver nanoparticles, and the subsequent optical and
electrical behaviour of the hybrid devices was investigated. The simulations indicate that
irrespective of the magnitude of the modulation in the extinction coefficient of the PLDS
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layer (owing to the presence of metal nanoparticles), the additional thin-film coatings can
still offer substantial benefits to counteracting and curtailing the optical losses within the
SE-PLDS structure. Through correspondingly fine-tuning the structural element in the
SE-PLDS devices, a 7% - 20% increase in the energy harvesting potential of a
conventional PLDS device was predicted. Considering that the enhancement stemmed
purely from optical matching of the construction materials, the possible occurrence of
spectral modulations in the incoming solar flux (initiated through photoluminescence),
and its subsequent interactions with the embedded silver nanoparticles, could offer further
synergistic interactions between the individual design elements.
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Chapter 7
Conclusions and Future Work
7.1

Introduction
In recent years the need to address the limitations inherent in solar technology

(photovoltaic - PV, photothermal - PT) has become of paramount importance, as the
decarbonisation of the global economy continues. Many different iterations of the
luminescent down-shifting structure have been explored in attempts to push the
efficiencies achievable with PV applications beyond that which is attained with
conventional PV architectures. These retrofitted device add-ons have been studied and
developed utilising different combinations of luminescent materials and metal/metallic
nanoparticles. Additionally, these very same molecular strategies to a lesser extent have
also been deployed in PT applications, in the promise of promoting the heat transfer
capabilities of a diverse range of classical heat transfer fluids.
The first part of this work has involved the fabrication, characterisation, and
utilisation of silver nanoparticles to enhance the collection efficiency of a standardised
flat plate solar thermal collection system. This is one of the first instances in which
experimentally the interactions between neighbouring nanoparticles of different sizes and
morphologies have been exploited to further promote the thermophysical behaviour of a
working fluid.
The second part of this work has involved the characterisation of a series of novel
organic and organometallic luminescent species exclusively developed for LDS
applications,

which

were

built

upon

a

highly

adaptable

imidazole[4,5-

f][1,10]phenanthroline scaffolding. Some of these luminescent materials are completely
new from a structural standpoint, while for others this is the first time the phenanthroline
derivatives have been extensively studied and exploited for solar applications.
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The third part of this work investigated the novel application of some of these same
luminescent down-shifting phenanthroline derivatives as a hybridised heat transfer fluid
within a combined spectral beam splitting photovoltaic-thermal (SBS-PVT) system. This
is the first time this type of molecular structure has ever been employed in a combined
heat and power system. Additionally, the synthetic strategy applied also represents the
first instance of trying to utilise luminescent down-shifting in a liquid optical filter, to
modulate the thermal and electrical outputs more efficiently within a PVT system.
In the fourth and final part of this work a newly proposed solar cell architecture
which builds iteratively upon the plasmonic luminescent down-shifting (PLDS) strategy
was theoretically explored for PV applications using a transfer matrix model. The
hypothetical structure’s devised represent the first instance of integrating a spectrally
selective antireflection coating whose optical properties have been tailored towards
maximising the efficiency enhancement afforded through down-shifting approaches to
light-management in PV applications. A summary of these works is concluded in the
following sections.
7.2

Nanomaterials: Synthesis, Characterisation and Performance in Solar
Thermal Applications
A simple and relatively cost-effective nano-synthesis protocol was adapted to

investigate the optical and thermophysical behaviour of different types of nanoparticle
size-distributions, when employed as silver-based nanofluids within a solar-thermal
collection system. The adapted synthesis method allowed for the bandwidth of energy
captured by the nanofluids to be readily tuned through straightforward modifications in
the concentration of the precursor chemicals used during the heterogeneous growth of the
nanoparticles. Thereby, the optical and morphological characteristics of the individual
size-distributions contained within the nanofluids particle ensemble were attuned for
studying the impact of interparticle interactions on the thermal behaviour of the working
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fluid. Employing low concentrations (0.05% - 0.1% v/v) of nanoparticle ensembles
containing a diverse set of individual particle morphologies and particle sizedistributions, was demonstrated to provide a 10% - 15% improvement in the thermal
collection efficiency of the working fluid, when compared with their monomodal
counterparts. The emergence of this diverging behaviour in the thermal collection
efficiency, was correlated to changes in the individual populations of the numerous sizedistributions contained within the internal structure of the nanofluid. Hence, through the
incorporation of different particle size modes, it was effectively demonstrated how using
one (and/or narrow) particle size-distribution to control and optimize the heat transfer
properties of a nanofluid does not represent the best approach. Furthermore, within the
multimodal size-distributions contained within the nanofluids internal structure, an upper
threshold in the particle size was (with a strong degree of correlation) associated with
restrictions in the enhancement of the fluid’s thermal properties. Consequently, the
principle of exploiting a wide distribution of particle sizes to enhance the collection
efficiency in solar thermal applications was experimentally established.
7.2.1

Contribution to Knowledge

➢ One of the first experimental instances of demonstrating the enhanced
photothermal collection efficiency of a metal based nanofluid containing a
multitude of different particle shapes and individual particle size-distributions
➢ One of the first experimental examples to corroborate the modification of the
thermophysical behaviour of a multimodal silver-based nanofluid (stagnation
temperature, PTE, and thermal conductivity) with deviations in the individual
populations of the numerous particle size-distributions contained within the
nanofluid
➢ The interparticle interactions which promoted the enhanced thermophysical
performance of the multimodal nanofluid were controlled (to a strong degree), by
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the maximum size of the particles contained within the collective particle
ensemble
➢ The existence of an upper threshold (diameter ~ 150 nm) in the nanoparticle size
was discovered, above which an increasing particle size was strongly linked to a
decrease in the enhancement afforded through the multimodal approach
7.2.2

Suggestion for Future Work
Although the presence of numerous individual particle size-distributions was

correlated with an enhanced photothermal conversion efficiency in the nanofluid, the
molecular mechanisms by which the heat transfer processes were intensified remains to
be investigated and identified. Through a combination of experimental and theoretical
approaches the impact of each one of the nanofluids internal attributes (composition,
particle size-distribution, particle morphology, presence or absence of stabilising agents
etc.) should be evaluated and utilised to further probe the thermophysical behaviour of
the multimodal working fluids. Under this scenario, the fundamental mechanisms could
be resolved and be potentially further exploited to promote the thermal properties of the
silver based nanofluids. Additionally, although the nanostructures explored exhibited a
relatively broad LSPR absorption band extending from 250 nm to 800 nm, the broadband
nature of the solar spectrum leaves ample opportunity for incorporating additional
molecular species into the nanofluid. Under this schema, the additional molecular species
(carbon-based nanomaterials, fluorescent ligands, or upconverting nanocrystals) would
be utilised to enable the hybridised working fluid to interact with the totality of the solar
spectrum. Thereby, allowing for potentially even greater enhancements in the
photothermal conversion efficiency to be realised in solar thermal applications.
7.3

LDS Materials: Characterisation, Evaluation and Device Fabrication
A new basis for organic LDS materials was investigated through the structural

activity relationship established between the functionalization of a imidazole[4, 5261

f][1,10]phenanthroline core and the resulting photoluminescent properties exhibited by
the series of adapted frameworks. The optical properties and structural merits of 27
individual phenanthroline derivatives was evaluated to assess their suitability for
integration in LDS applications. From this library of starting materials, a total of 10
candidates were selected for further optical characterisation including measuring their
LQY in solution. The P282, P205 and P183 adaptations of the phenanthroline scaffolding
exhibited a promising combination of properties for inclusion in LDS applications,
namely their near unity (80% to 100%) LQY in solution. The optical behaviour of P282,
P205 and P183 when independently embedded within a 10 µm thick PMMA film was
studied under an expansive range of concentrations, ranging from 0.0078 wt% to 3 wt%.
The dispersion state of the luminophore’s throughout each polymeric matrix was assessed
by the deviations introduced into the absorption spectrum, the emission spectrum, and the
LQY of the LDS films under the increased loading concentrations employed. From these
divergences in the optical behaviour, the optimal concentration of the P282, P205 and
P183 molecules within each LDS layer was identified as 0.063 wt%, 0.016 wt% and
0.0078 wt%, respectively. The capability of each molecular structure to effectively downshift and modulate the solar spectrum when incorporated in the optimised 10 µm thick
LDS layers was assessed using state-of-the-art commercial grade mc-Si cells (2 cm x 2
cm). The conversion performance of the mc-Si cells with and without the optically active
component of the LDS layer’s (i.e. the photoluminescent species), was characterised
using a simulated solar spectrum under artificial climate conditions. The presence of all
three molecules promoted an absolute enhancement in the conversion efficiency of the
mc-Si cells ranging from 0.4 ± 0.05 % to 0.93 ± 0.05 %, due to the photoluminescent
nature of each molecule. Additionally, the stability of each photo-selective LDS layer was
investigated under accelerated artificial aging conditions, with the P282 structure
exhibiting the most promising photostability of the three LDS candidates.
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7.3.1

Contribution to Knowledge

➢ Established a well-developed structural activity relationship between the specific
chemical moiety substituted onto a imidazole[4, 5-f][1,10]phenanthroline
scaffolding and the subsequent photoluminescent properties of a series of novel
organic/organometallic fluorescent materials
➢ Several promising new materials were identified for inclusion in solar energy
applications including LDS, SBS and PT technologies, namely: P282, P205,
P187, P183, P181 and P166
➢ This is the first instance of the optical behaviour of P282, P205 and P183 being
characterised in PMMA films for LDS-PV applications
➢ An improved conversion efficiency was achieved in state-of-the-art commercial
grade mc-Si solar cells using novel standalone phenanthroline based LDS layers
for the first time
➢ Preliminary trials were performed to assess the photostability of a series of highly
fluorescent phenanthroline based ligands designed for LDS-PV applications for
the first time
➢ The highly luminescent materials catalogued represent innovative alternatives for
modifying the photophysical behaviour of metal coordination complexes as
polydentate ligands – leading to potential advancements in down-shifting
strategies for PV applications
7.3.2

Suggestion for Future Work
Considering the incredible capability of nanoparticles to modulate the

photoluminescent and physical properties of an LDS device, the nanosynthesis protocol
adopted in chapter 3 could serve to further extend the enhancement offered through the
phenanthroline based approach to LDS. Incorporating such a diverse set of nanoparticle
shapes and sizes could possibly promote an enhanced light coupling effect far exceeding
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that achieved with conventional narrow particle size-distribution approaches to plasmonic
luminescent down-shifting. Consequently, the decreases in the LQY incurred for the
P282, P205 and P183 molecules when embedded within the PMMA network could
potentially not only be compensated for by the interactions with the nanoparticles, but
their fluorescent intensity could become enhanced well beyond their performance
reported in the liquid state. In addition, the integration of nanoparticles within the LDS
layers would also promote an enhanced degree of photostability, making progressive
improvements over the moderate stability reported for the standalone phenanthroline
based fluorophores.
Finally, the series of highly fluorescent ligands catalogued could be incorporated
into metal coordination complexes as polydentate ligands and serve as a 2nd generation of
the phenanthroline based approach to LDS. Thus, their inclusion in a coordination
complex could promote a spectral shift of the light captured by these light sensitive
chromophores further into the red end of the visible spectrum (600 nm – 650 nm), where
solar cells are more efficient.
7.4

LDS Optical Filters for SBS-PVT Applications
From the series of luminescent species catalogued for solid-state LDS

applications, a selected group of the novel luminophores were integrated as liquid LDS
optical filters within an SBS-PVT system. The capability of the molecular compounds to
modulate the spectral characteristics of the transmitted solar flux, and to modify the
thermophysical behaviour of an ethylene glycol based working fluid was established. The
complimentary ultraviolet and visible wavelength absorption contributions provided by
the inclusion of the molecular species resulted in a 4 % to 15 % increase in the stagnation
temperature reached by the composite working fluids, when compared with the pristine
base fluid. In addition, the impact of each liquid optical filter on the electrical
performance of a mc-Si PV cell demonstrated the decrease in the electrical conversion
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efficiency as more of the solar spectrum was converted into thermal energy within the
working fluid. Furthermore, the ability of the LDS fluid’s to more effectively convert
solar irradiance into useable electricity and thermal energy within a standardized PVT
system was demonstrated using a semi-empirical merit function. The results showed how
incorporating the phenanthroline based compounds within a PVT system contributed to
an optical collection efficiency of 25% to 63%, a marked improvement over the 20%
conversion efficiency attainable with the standalone PV. The additional modifications in
the spectroscopic properties of the composite fluid also yielded a subsequent 2 % to 61
% increase in the economic value of the energy captured, when compared with the pristine
base fluid. Consequently, the combined capability of the molecular structures to elicit not
only an intensified rate of heating, but also complementary fluorescence, makes them
exceedingly suitable for addressing some of the shortcomings identified in alternative
working fluid strategies. Overall the results provide a new organic basis for effectively
designing high performance spectrally selective heat transfer fluids for SBS-PVT
applications.
7.4.1

Contribution to Knowledge

➢ This is the first instance of the optical and thermal behaviour of the P282, P205,
P187, P183, P181 and P166 phenanthroline derivatives being investigated for
PVT applications
➢ First reported instance of exploiting LDS in a PVT system to mitigate the
electrical energy sacrificed through merging the thermal and electrical
components
➢ A series of promising new materials were identified for inclusion in combined
heat and power applications
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➢ The organic/organometallic phenanthroline derivatives studied showcase a
favourable combination of thermophysical, optical and fluorescent characteristics
when employed as hybrid heat transfer fluids within an SBS-PVT system
➢ The inclusion of the catalogued series of phenanthroline derivatives within
ethylene glycol increased the optical efficiency of the PVT collection system as
well as the economic value of the energy captured
➢ The economic merit of modifying the spectral characteristics of the
phenanthroline based working fluids was assessed in relation to fluctuations in the
geographical and socio-economical energy-landscape for the first time
7.4.2

Suggestion for Future Work
Although the capability of the materials to modify the stagnation temperature and

rate of heating within ethylene glycol was physically demonstrated, a more thorough
characterisation of the composite fluids thermophysical properties remains warranted.
Particularly, the thermal conductivity of the working fluids under increased loading
concentrations and increased fluid temperatures should be determined. This would enable
and develop a deeper understanding of the chemical parameters which dominate the
enhancement or curtailment of the thermophysical properties of this type of working
fluid. Additionally, more of the library of materials catalogued in chapter 4 should be
evaluated for their application in PVT systems – especially the 2nd generation of materials
which exhibited an intensified absorption band when compared with the 1st generation of
luminophores. Studying the behaviour of these alternative phenanthroline derivatives
would allow for refinements to be made in the molecular design process, and thereby
maximise the performance of the materials.
In order to further intensify the unique luminescent characteristics of this type of
working fluid two different aspects of their design should be considered (1) integrating
the individual phenanthroline ligands into a metal coordination complex for enhanced
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down-shifting of the solar spectrum, (2) including metal nanoparticles such as those
characterised in chapter 3 to assist in promoting the fluorescent intensity and the thermal
properties of the hybrid working fluid. These two alternative approaches would not only
allow for the photoluminescence to be fine-tuned to a region of higher PV spectral
responsivity, enhance the intensity of the emission process, but would also
complementarily modify the thermal properties of the working fluid.
7.5

Structure Enhanced-LDS and -PLDS devices: A Theoretical Study
A newly proposed hypothetical architecture which builds upon the LDS and

PLDS approaches to light management within PV applications was theoretically
investigated using a transfer matrix model. The new type of architecture consisted of a
series of highly transparent thin-film optical coatings (single-layer and double-layer
designs) designed to exploit the optical properties of conventional LDS and PLDS
devices, which were built upon a monocrystalline-silicon photovoltaic cell. The capability
to attune the optical properties of the standalone thin-film coatings was theoretically
explored, and the optimal criteria for maximising the collection efficiency of the PV cell
with each type of structure (single-layer, double-layer) was identified. Through a
combination of experimental and theoretical approaches, the outputs of the model were
accurately correlated with the behaviour of physical devices under real world laboratory
conditions, to within experimental uncertainty. The modelled integration of the single- or
double-layer coatings into the newly created SE-LDS device, predicted a 7.5 % to 20%
enhancement in the collection efficiency, as inferred through the Jsc. Downsizing the LDS
layer from a thickness of 90 µm to 9 µm also assisted in promoting an additional 0.4% –
3% increase in the device performance. In Addition, the divergences in the optical
response of two initially proposed SE-LDS designs assisted in the development and
refinement of an initial set of design considerations for this type of architecture. The
simulations also indicated that irrespective of the magnitude of the modulation in the
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optical properties of a PLDS layer (owing to the presence of metal nanoparticles) the
additional thin-film coatings still offer substantial benefits to counteracting and curtailing
the optical losses within the SE-PLDS structure. Consequently, through correspondingly
fine-tuning the structural element in the SE-PLDS devices, a 7% to 20% increase in the
energy harvesting potential of a conventional PLDS device was predicted. Therefore,
through the concept of effectively optically matching the construction materials of LDSPV and PLDS-PV devices, a more energy efficient conversion process can be realised.
7.5.1

Contribution to Knowledge

➢ The promise of incorporating additional thin-film optical components into LDS

and PLDS light management strategies in PV applications theoretically
demonstrated using a transfer matrix model
➢ Simple ARC’s were exploited for enhancing the optical matching of the

construction materials utilised in LDS/PLDS devices for the first time
➢ The simulated optical and electrical behaviour of the newly proposed SE-

LDS/SE-PLDS device architecture was systematically verified through
experimental comparison between the behaviour exhibited by each one of the
individual ‘modelled’ device components
➢ A set of initial design considerations were established for the SE-LDS and SE-

PLDS structures when integrated into mc-Si PV technology
7.5.2

Suggestion for Future Work
Considering the predicted enhanced conversion efficiencies stemmed purely from

a more effective optical matching of the construction materials, the additional interactions
of the solar flux with the luminescent species and MNP’s present within the LDS/PLDS
layer should be considered. This would allow for the modulations in the solar flux by the
down-conversion process, and the augmentation of the luminescent material’s optical
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properties (through its interactions with the MNP’s present) to be included in the
calculations considered throughout the evaluation process.
Through a few straightforward assumptions about the LDS layer the absorption
spectra, the emission spectra, and the LQY of the LDS layer’s fabricated and
characterised in chapter 4 should be used to model the behaviour of the interactions of
the luminescent species with the AM1.5G solar spectrum. The additional interaction of
the MNP’s within the polymer layer, both on its effective refractive index and its
refinement of the modified AM1.5G spectrum, should be incorporated through
experimentally casting PLDS layers which contain the NP’s synthesised using the
protocol outlined in chapter 3. Through the subsequent characterisation of the PLDS
layers produced, the influence of the concentration of the MNP’s on the PLDS layers
optical representation within the modelling environment would be more accurately
realised. Consequently, any predictions made using the theoretical model established
would be made more realistic.
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Chapter 8
Appendix
8.0 Concentration Conversions
Table 8.1: The concentration of P282 employed (wt%) in the casting of the 10 μm thick solid LDS layers
discussed in chapter 4, with the conversion between wt% and molarity (mM) displayed for convenience

Loading concentration of
material in
Plexit 55 Röhm (wt%)
0.0078
0.0157
0.0313
0.0625
0.125
0.250
0.500
0.750
1.000
2.000
3.000

Molarity of the
luminophore/resin mixture
pre-casting (x10-3 M)
0.161
0.322
0.643
1.287
2.302
4.603
9.206
13.810
18.413
36.826
55.238

Table 8.2: The concentration of P205 employed in the casting of the 10 μm thick solid LDS layers discussed
in chapter 4, with the conversion between wt% and molarity (mM) displayed for convenience

Loading concentration of
material in
Plexit 55 Röhm (wt%)
0.0078
0.0157
0.0313
0.0625
0.125
0.250
0.500
0.750
1.000
2.000
3.000

Molarity of the
luminophore/resin mixture
pre-casting (x10-3 M)
0.206
0.412
0.824
1.648
2.947
5.894
11.787
17.681
23.574
47.149
70.723
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Table 8.2: The concentration of P183 employed in the casting of the 10 μm thick solid LDS layers discussed
in chapter 4, with the conversion between wt% and molarity (mM) displayed for convenience

Loading concentration of
material in
Plexit 55 Röhm (wt%)
0.0078
0.0157
0.0313
0.0625
0.125
0.250
0.500
0.750
1.000
2.000
3.000

Molarity of the
luminophore/resin mixture
pre-casting (x10-3 M)
0.127
0.254
0.508
1.016
1.816
3.633
7.265
10.898
14.530
29.061
43.591
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